ABSTRACT
Vibrational Energy Dissipation in Condensed Phase Investigated by MultipleMode Multiple-Dimensional Vibrational Spectroscopy

by

Jiebo Li
The methodology of ultrafast multiple-mode multiple-dimensional vibrational spectroscopy has
been developed and applied to investigate the vibrational energy dissipation in condensed phase. In
particular, experiments have been focused on the studies of vibrational energy relaxation and modespecific vibrational energy transfer in both heterogeneous and homogeneous phases.
This thesis presents two distinctive vibrational energy dissipation pathways for molecules
absorbed on the typical heterogeneous metal nanoparticle surfaces. On 2-10 nm platinum and palladium
nanoparticles, it was found that the electronic excitation-mediated vibrational energy dissipation (~2ps)
was at least one order magnitude faster than direct vibration-vibration relaxation (50ps). This electronic
energy damping is accompanied by low frequency thermal energy generation on metallic surfaces. This
electronic mediated pathway dominates until the electronic property of the particle is altered by reducing
size to ~1nm. The energy relaxation pathway also could be altered by changing the chemical nature of
the metallic nanoparticle. These findings are of fundamental importance to ultimately understanding the
nature of heterogeneous catalysis.
This thesis also demonstrates mode-specific vibrational energy exchange between ions in
electrolyte solution. (i) Interactions between model molecules representing different building-blocks of
proteins and thiocyanate anions in aqueous solutions are studied. The binding affinity between the
thiocyanate anions and the charged amino acid residues is about 20 times bigger than that between water
molecules and the amino acids, and about 5~10 times larger than that between the anions and neutral
backbone amide groups. (ii) Ion segregation was also investigated by mode-specific vibrational energy
exchange between thiocyanate anions. In aqueous solutions, it was found that “structure maker” ions,
such as F-, would stay in the “water phase” and thereby promote aggregation of the SCN- in an “ionic

phase”. “Structure breaker” ions, such as I-, would break the ionic SCN- phase. (iii) Mediated by
combination band, vibrational energy flow down from thiocyanate to ammonium was used to confirm
that ion pair is formed between ammonium and thiocyanate in aqueous solutions. Investigations of these
microscopic structures and dynamics of aqueous salt solutions experiments will add depth to our
understanding of general macroscopic properties of electrolyte solutions.
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Chapter 1

Introduction

In the late 18th century, James P. Joule opened a new insight of the interconnected
scientific concepts of heat and atomic motion by providing mechanical equivalent of
heat. In championing of the description of heat as “vibrating atoms”, nowadays, we do
have a chance to explain the nature of heat transfer from a dynamically atomistic point of
view by employing advanced tools that ancient scientists could never have dreamed of.
As physical chemistry PhD Dissertation, this book described the macroscopic world of
‘caloric motion’ with ultrafast time scale level in atomic precision in condensed phases.
Indeed, heat transfer could be generally accepted during events from every
corner of our daily life to the complicated scientific research, such as hazard gas
converting on automobile, energy storage and protein denaturing in electrolyte solution.
Underneath these chemical macroscopic phenomenon is the ensemble of atomic motion
behavior. This atomic vibrating energy, so called ‘vibrational energy’, would experience
different pathways in different conditions. By investigating these energy pathways, it
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could unravel macroscopic landscape with different energy transfer mechanisms in
condensed phases. In this book, I translated the macroscopic picture with atomic
vibrational energy dissipation in both heterogeneous and homogeneous condensed
phases.

1.1. Introduction of Heterogeneous Vibrational Energy
Dissipation
Let’s start with the heterogeneous case first. The daily phenomenon in our car is
presenting as following: the toxic gas carbon monoxide (CO) is emitting from burning
the hydrocarbons. Then, the gas molecules would strike and stick at the metal surface in
the catalytic converter. The metal center would oxide the toxic gas to carbon dioxide.
During this simple process, many heat transfer questions are involved. How long does it
take CO to dissipate its energy to the metal surface? What determines the rate of the
energy dissipation? Does its energy eventually equilibrate to the surface temperature?
The aforementioned questions require the key understanding of the atomic level
vibrational energy dissipation on metal surface. More generally, these questions also need
to be answered on nanometer-sized metal particles, which often play important roles in
the activities of real catalysts.
This daily phenomenon on our automobile also implied the simple heterogeneous
chemical reaction on catalytic converter. Let’s start with an imagination as further
chemist: we are holding an Ipad at office, sending data properties of CO, O2 and CO2,
and receiving calculated results from cloud with describing the most likely reaction rates,
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temperature, pressure, and possible catalysts that would speed up the reaction to useful
speeds. Although this dream is far from achieving, such a theoretical tool is applied to the
calculation. It is a two-step process method to predict this simple chemical reaction. First,
the interaction energy of the CO or O2 is calculated for different orientations on metal
surface and then used to map the potential energy surface. The latter is then how the two
reactants (the CO and O2) moving and exchanging energy until the CO2 are formed. The
modelling tool, so called Born-Oppenheimer approximation (BOA), allows calculations
of electronic energy independent of the motion (such as bond vibrations) of the much
heavier nuclei. This tool has been widely used for predicting molecular structures and
reaction dynamics between molecules in gas phase. Under this assumption, the transfer
and dissipation pathways of nuclear kinetic (vibrational) energy that drives the reaction
and that is generated from the reaction are dominated by vibration/vibration (and phonon)
couplings, and the vibration/electron coupling is neglected. There is, however, some
experimental(1-6) and molecular dynamic(7) evidence of nuclear vibrations associating
with electronic excitations on metal surfaces, casting doubt over the general applicability
of this theoretical approach. This controversial but critical issue is even more complicated
on the surface of a metal nanoparticle, as its electronic properties vary with the changes
of particle size(8) and surface site(9). Accordingly, investigations of this problem on
metal nanoparticle surfaces are more challenging because of experimental
limitations.(10) The broad size distribution of nanoparticles (inhomogeneity) renders the
direct vibrational lineshape analysis to obtain vibration/electron coupling information
unconvincing (11). Microscopy and scattering techniques don’t have the ultrafast time
resolution and are restricted by the requisite high vacuum conditions(12).
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Nonlinear IR methods have been considered to be useful tools to address the
above problems and detect vibrational relaxation dynamics on metal surfaces. In 1989, E.
J. Heilweil Group at NIST (National Institute of Standards and Technology) was the first
team to realize this possibility. They used a two-color pump/probe scheme with laser
pulse durations ~ 2ps to study the C-O lifetime on Platinum supported nanoparticle
surface(13). Prof. Ertl, the Nobel Laureate in 2007, and Prof. Wolf, summarized the
energy dissipation map of metal surface by directly creating surface electron(14). No one
until now clearly systematically presents the vibrational dissipation scheme on metal
nanoparticle surfaces. My 4th year and 5th year PhD work are the first efforts to map
energy dissipation pathway by exciting vibration modes on metal nanoparticle surfaces
and detecting the energy dissipation rates.
The main work of my book is to partially draw the vibrational energy dissipation
scheme on metal nanoparticle surfaces by answering three questions following: First,
how fast does the high frequency vibrational relaxation energy damp to surface electrons?
Second, how fast does the high frequency vibrational energy relax to low frequency
phonons? Third, how fast does energy transfer from electrons to phonons nanoparticle
surfaces? The book organization is centered on these three questions from chapter 3 to
chapter 4.
To answer the three questions, it is necessary to provide the central idea for
experimental design. According to the recent papers(8, 15), the metal nanoparticle could
be divided into two groups by particle size. If the particle size is larger than 1.7nm, it
presents as continuum spectrum as metallic properties with free electrons on its surface.
If the particle size is smaller than 1.7nm, it more showed the HOMO-LUMO energy gap
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as semiconductor properties making no electrons on its surface. I and my collaborator Dr.
Huifeng Qian synthesized 1nm, 2nm 5nm and 10nm Platinum nanoparticles, 1nm
Palladium-Silver bimetal and 5nm Palladium nanoparticle, 1nm, 2nm and 5nm Gold
Nanoparticles. Experimentally, simple diatomic molecule CO was chemically attached on
the surfaces of different sites of these metal nanoparticles. Then, to avoid the
inhomogeneous broadening and obtain the ultrafast dynamic processes, we prepared
highly vibrationally excited C≡O from ground-state C≡O stretch to the first excited state
with a narrow bandwidth (~20cm-1) IR pump beam. In other words, the pump IR ωpump
light creates a C≡O bond possessing vibrational energy on the metal surface. The second
sequence laser, tuned to ωprobe, which has a super continuum mid-IR spectrum (1000cm-1
to 3200 cm-1), simultaneously tracks the nuclear motion of C-O bond stretching and
absorption changing at all binding sites in real time. Regulating the delay time between
pump beam and probe beam, the CO stretch rate and dynamic absorption spectrum can be
monitored by our setup. Thus, both the vibrational energy relaxation rate and the excited
vibrational acceptor density can be tracked with our setup in real time.
There are two experimental strategies for me to draw the energy pathway on
metal nanoparticle: (i) direct measurements of vibrational energy relaxation rates on
different sizes semiconductor/metallic nanoparticles of different sites, different
temperatures, and different environments and (ii) in real time detection of excited phonon
density or other types of vibration on metal nanoparticle surfaces. The experimental
results are presented and discussed on chapter 3 and chapter 4.
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1.2. Introduction of Vibrational Energy Transfer in Electrolyte
Solution
Electrolyte solutions are typical macroscopic homogeneous condensed phases,
which are ubiquitous ranging from batteries to living cells, playing the dominant roles in
both natural and technical systems. And the importance of electrolyte solutions is related
to the specific ionic behaviors in water, such as viscosity, solubility, density, conductivity
and refractive index. All these macroscopic properties depend on specific microscopic
structure and dynamics of salt solution systems, mostly in multi-ions systems. (16) It has
been believed that the way ions in aqueous solutions to form ionic hydration structure or
ion-ion complex plays the primary role in understanding the microscopic structure and
dynamics, which will be critical to elucidate their macroscopic properties (17). Generally,
once salts readily dissolve in water, the ion-dipole interactions between ion and multiple
water molecules take the place of the ionic interactions in salt crystal lattices.
Specifically, the capacities of various ions to “make” or “break” bulk water structure
have been used to describe the ion’s microscopic property (18-23). Some ions are strong
hydrated and called water structure maker (kosmotropes) that coordinated with several
water molecules. And, some ions called structure breakers (chaotropes) have weak ionwater interactions that make short-lived ions complexes possible. (24, 25)Because the
short-lived ion complex is quite difficult to be characterized experimentally(26), it is still
not fully understood the nature of electrolyte solutions on microscopic level.
As the microscopic view, in electrolyte solutions, there are many interactions
between solvents and anions, between cations and solvents, between anions and cations
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and between different solutes. Some recent studies including neutron diffraction
experiments and MD simulations(25-27), dynamic light scattering experiments(28), have
suggested that ion’s inhomogeneous distribution is in the presence of some electrolyte
solutions(27). However, their techniques could not quantitatively catch up the ion
complexes, only providing indirect and unsystematic information of the ion aggregation.
Therefore, this part is in searching for the new method to directly probe these interactions
by following up the vibrational energy pathway. In electrolyte solution, the vibrational
energy relaxation is mainly dominated by the vibration/vibration coupling. Remain part
of this book summarized my 2nd year and 3rd year PhD work: understanding the
vibrational energy transfer in homogeneous condensed phases (electrolyte solution). In
general electrolyte solution, the vibrational energy transport from high frequency mode to
low frequency mode could go through the direct coupling between two modes or be
mediated by the combinational band. The two mechanisms are applied to understand the
two molecular level direct interactions in salt aqueous solutions, which are added depth to
understand important chemistry phenomenon -microscopic structure of complex
electrolyte solutions.
The first interaction is the negative anions aggregation. Our group firstly reported
the energy exchanging between two anions in high concentration aqueous solution(29). In
this situation, anions could interact with either anions or solvents. Under chemical
equilibrium condition, if another molecule could also bind with anions, it would deduce
anion-anion aggregation concentration. Similarly, if another molecule mainly associates
with solvents, it would increase anion-anion aggregation concentration. Experimentally,
by tracking the anion-anion vibrational energy transfer ratio and rate, it will be clearly to
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obtain the interaction between adding molecule and anions or the adding molecule and
solvent. Based on this idea, two interesting scientific questions could be partially
addressed in chapter 5. The first question is to fulfill my curiosity in my college lifebiological lab experience: why some salts could denature protein? To investigate the
molecular mechanism of salt inducing protein denaturation, I selected several protein
building blocks adding into high concentrated salt solution to alter the anion aggregation.
The second question is related to some more complicated situation in salt aqueous
solution. Once the aqueous has more than two salts, the microscopic structure should be
affected by multiple ions simultaneously. Some ions break hydrated structure, while
some ions would aggregate to maintain hydrated structure. The following part of this
chapter would introduce my work on the observation of ion phase segregation in aqueous
solution.
The second interaction is ion pair structure in aqueous solution. In other words,
the direct interaction between anion and cation could be seized up. The experimental
design is straight forward. The anions and cation both have Mid IR absorption. Two color
pump probe technique then is used for tracking the vibrational energy flowing from
anions to cations. The method has two important potential applications: first, demonstrate
the existing of ion pair formation in the aqueous solution; second, give hints of the direct
interaction between anions and charged protein groups on its surface.
As summary, the context in this book will introduce different atomic vibrational
energy dissipation pathway in condense phase investigated by novel setup multiple-mode
multiple-dimensional vibrational spectroscopy.
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Chapter 2 describes the experimental setup background and theory for the
multiple modes multiple dimensional spectroscopy. SCN vibrational energy exchanges in
electrolyte solution and CO vibrational relaxation induced heat on metallic nanoparticle
surfaces are used to explain the methodology.
Chapter 3 describes vibrational energy relaxation of C≡O on different metal
nanoparticles surfaces. Electronic excitation damping on metallic nanoparticle surface
will be presented in different temperatures, different kinds of metal and different sites.
Vibration/vibration coupling dominated the CO excitation relaxation on semi conductive
nanoparticles surface will be presented in different kinds of metal and different sites.
Chapter 4 describes vibrational energy exchanging between different sites of C≡O
on semi conductive nanoparticles. In this chapter, it will be also presenting the heat
dissipation on metallic nanoparticle surfaces. The general vibrational energy dissipation
pathway on metal nanoparticle surfaces will be shown in this chapter.
Chapter 5 describes the application of vibrational energy exchange method in the
electrolyte solution. Ion segregation and ion clusters are demonstrated by multiple modes,
multiple dimensional spectroscopy in this chapter.
Chapter 6 describes the ion pair investigation by vibrational energy exchange
method in the electrolyte solution. The direct energy transfer from cation to anion is
demonstrated by multiple modes, multiple dimensional spectroscopy in this chapter.
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Chapter 2

Principle and Experimental Setup
of the Multiple-Modes MultipleDimensional Vibrational
Spectroscopy

2.1. Theoretical Background
2.1.1. Introduction

Let’s borrow the spring model to introduce the principle. Considering chemical

bond as spring, atoms linking with different springs compose every chemical molecule.
Vibration is the action of atomistic oscillating with the linking spring. The properties of
spring in this chapter are related to three questions: (1) what is vibrational frequency of
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this spring? (2) How fast would it vibrate? (3) If it is vibrating, how fast does it induce
other springs vibrating?
The first question could be mainly answered by widely used Linear Infrared
spectroscopy. Most molecules in nature are polyatomic molecules. A nonlinear molecule
with N atoms has 3N-6 (or 3N-5 for linear molecule) normal modes of vibrations. The
vibrational frequency (0-1 transition) of each normal mode can be given by

ν=

1
2π

k

µ

Equation 2.1

with k is the force constant, and µ the reduced mass. In most modern chemical
laboratories, linear (one dimension) infrared spectroscopy methods, e.g. FTIR, are among
the most frequently used techniques for the molecular structure analysis. The infrared
methods determine molecular structures through measuring vibration frequencies of the
chemical bonds. In a typical one-dimensional infrared spectrum, the x-axis is the
frequency axis, and the y-axis is the signal intensity axis. The vibrational frequency is
sensitive of the environment surrounding vibrational mode. For example, C≡O stretch
vibration in gas phase is at 2147cm-1. If it is associated with single metal atom with 1-1
ratio, the named step/atop/terminal CO would be shifted to around 2000cm-1. I will
introduce different CO binding frequency in Section 2.2.3.
However, the routine linear could not answer that how fast it vibrates. In principle, the
molecular dynamic information can be obtained from the peak lineshapes(1). In reality,
the inhomogeneous broadening and Fermi resonances(2) created many complexities into
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the understanding of linear IR spectra in condensed phases and on metal nanoparticle
surfaces.
Generally, the inhomogeneous broadening broadens the vibrational absorption peaks.
This phenomenal is universal in metal nanoparticle lineshapes. (See 2.2.3) It originates
from the fact that in condensed phases or on metal nanoparticle surfaces, a lot of
molecules are measured simultaneously, which are under different local conditions
because of different size distribution or different solvent configurations. This diverse
environments result in different intermolecular interactions, showing in different
frequencies of the same vibrational mode in real situation. The frequency broadening
caused by the environmental inhomogeneity can be comparable or even larger than the
natural frequency width caused by the molecular motions (homogeneous broadening)(3).
It is therefore difficult to derive molecular dynamics in condensed phases or on metal
nanoparticle surfaces from linear IR lineshapes. Fermi resonances are generated because
of the molecular vibrational anharmonicity. In complicated molecules, the combination
band (a vibrational transition involving at least two normal modes excited
simultaneously) or an overtone (a transition from the ground state to an excited state
higher than the 1st excited state) of which the origin is generally unknown with a very
small transition dipole moment (called “dark mode”) can be coupled to a normal mode of
the same symmetry and a similar frequency (energy) with a much bigger transition dipole
moment (called “bright mode”).” This Fermi resonance would lead to two results
showing on absorption spectrum: (i) the high frequency mode shifts to higher frequency
and the low frequency mode shifts to lower frequency; (ii) the dark mode gains intensity
and the bright mode decreases in intensity. These two problems bring the difficulties to
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use line shape to answer vibrational rate of a single spring.
The third question is more complicated. It at least related to two vibrational modes or
two springs. In any condense phase or on any heterogeneous surfaces, the vibrational
modes are not completely independent. They are always coupled with surrounding modes
and even surface electrons on metallic nanoparticle (see Chapter 3). The situations like
many springs linking together. One springs vibrating would induce other springs
vibrating. In other words, the vibrational behavior, e.g. the vibrational frequency and
excitation, of one mode in one molecule is affected by other modes in the same molecule
or modes and electrons in other molecules nearby. Except the vibration/electron coupling
are the dominated coupling on metal surface, the vibrational/vibration couplings are the
major reason for vibrational energy to dissipate in condense phase. Even if under
vibration/electron coupling condition, electronic mediated vibrational energy transfer
from one mode to other vibrational modes also needs to exam different vibrational modes
simultaneously. It requires some scientific tools to understand the relationship between
different vibrational modes, and catch up the rates of vibrational relaxation energy
transfers, which can be applied to investigate many interesting scientific problems.
Thus, to answer question 2 and question 3, it is necessary to employ the multiple
modes multiple dimensional vibrational spectroscopy. In natural world, most chemical
bond vibrational lifetime are ranged from hundred femtoseconds to nanoseconds(3).
Therefore, to get the fast time resolution, the ultrafast laser is needed. To obtain any
vibrational dynamic information of one vibration mode or related other coupling modes,
we needs two beams as pump and probe beam, respectively. The first excited beam needs
to be narrow and intense. The narrow beam could selectively excite vibrational mode and
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avoid other vibrational modes being excited simultaneously. This intense beam could
create more excited population to obtain larger signal. The following second beam needs
to be broad and weak. The broad beam could cover all the vibrational modes behavior
that corresponding to the excited modes. The weak beam could not create more excited
states. The two beams could contain same or different central frequencies. If the
frequencies of two beams are identical, the generated signal is the vibration excitation. It
also could be recognized as diagonal peak on the 2DIR panel. By regulating the time
delay between two beams, we could get the vibrational relaxation rate of excited mode. In
the part 2.1.3 of this book, it would introduce this origin in detail. If two beams are within
different frequencies (energy), it will offer the relationship of two vibrational modes. By
scanning the time delay, we could get the dynamic relationships between the two modes.
As shown in Fig 2.1, the following 2DIR I introduced in this book, it would contain two
dimensions in frequency (the initial and final frequencies) and one dimension in time
described above for the structural dynamics: one vibrational mode is excited resonantly at
its 0-1 transition frequency (the initial frequency), after a time delay, the signal is
detected at both initial frequency area (diagonal) or another frequency (cross peak)
corresponding to the 0-1 (Red) or 1-2 (Blue) transition of another mode. The effect of the
excitation of one mode on the vibration of this mode or another mode can be manifested
in this way.
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Figure 2.12D IR pictures in this thesis book

2.1.2. The Multiple Modes Multiple Dimensional Vibrational Spectroscopy

The part I will explain that how the experimental signals are correlated to so

that the frequency and dynamic information of molecular vibrational modes. This
principle introductions are sourced from the notes of CHEM 630 class and review paper
from our group published on the international reviews in physical chemistry(3).
The signal of our experiment is from light/material interactions. In the most popular
UV-Vis or IR measurements, the polarization (P) is determined by linearly on the
incident electric field (E):
=
P ε 0 χ (1) ⋅ E

Equation 2.2

,
where ε 0 is the vacuum permittivity, and χ (1) is the linear susceptibility. If
electric field E is strong enough, the nonlinear effects need to be considered. Then, the
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polarization can be expanded by the powers of the electric field E:

P = P (1) + P (2) + P (3) + 2
= ε 0 ( χ (1) ⋅ E + χ (2) ⋅ E ⋅ E + χ (3) ⋅ E ⋅ E ⋅ E + 2)
Equation 2.3

where P ( n ) is the nth order nonlinear polarization, and χ ( n ) is the nth order
nonlinear susceptibilities.
In this book, the entire samples we measure are bulk samples, showing isotropic with
the inversion symmetry to make even-order susceptibilities being vanish. Besides,
polarizations of higher orders, e.g. P (5) has really small signal. Compared to P (3) , higher
orders require more intense electric fields to produce sufficiently intense signals, which is
difficult to produce. Therefore, the nonlinear signal introduced in this book is based on
the 3rd order nonlinear susceptibility.
In this book, most vibrational modes I investigated are CO and SCN stretch modes
(>1000cm-1), which are significantly more energetic than the thermal energy (~200 cm-1)
at room temperature. Therefore, in room temperature, most molecules at room
temperature are at the ground state ψ = 0 of these modes based on the Boltzmann
distribution. After interacting with the incident light, a small portion (<10%) of these
molecules can be excited to a new state, i.e. ψ = ∑ cn n . n is the nth vibrational
n

state: n = 0, ground state, n = 1, 1st excited state, and so on. cn is the coefficient of nth
vibrational state. In applied density operator of
P(t ) =
ψ mψ =
n =
∑ cncm* m mm
∑ cncm* mn =
∑ Pk ⋅ ψ k m ψ k =
∑ Pk ⋅ ∑ cknckm* mmn
nm

=

nm

Pc c
r
∑ mm
∑=
∑=
*
k kn km

mn

nm

k

mn

nm

k

Tr( mr )

nm

Equation 2.4

k

nm
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where Tr (A) denotes the trace of a matrix A, and ρ nm is the element of the density
matrix.
Then, let’s consider about the time dependent situation. According to equation 2.4, we
need to determine the time evolution of the density matrix of the system ρ (t ) .
According to the Schrödinger equation:
d
i
ψ = − Hψ
dt


Equation 2.5

we can derive the so-called Liouville-Von Neumann equation:
d
d
=
ρ
∑ Pk ⋅ ψ k ψ k
dt
dt k
i
i
= ∑ Pk ⋅ (− H ψ k ψ k + ψ k ψ k H )


k
i
i
i
H=
=
− H ρρρ
+
− [H , ]




Equation 2.6

with the Hamiltonian approximately written as

H =H 0 + H '(t ) =H 0 + E (t ) ⋅ µ
Equation 2.7

where H 0 is the system Hamiltonian, and H '(t ) denotes the interaction with an
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optical field E (t ) .
d
i
 H I' (t ), I ( t ) 
ρρ
I (t ) = −
dt


Equation 2.8

In general, the perturbation H I′ (t ) caused by the external electric field (
1011 ~1016 W / cm 2 ) of even very intense lasers is usually very weak compared to the

system Hamiltonian H 0 of the atomic internal field ( > 1017 W / cm 2 ). Therefore, in most
cases, the perturbation theory works well in processing on the 3rd order polarization:
t

t

t

3
2
i
P (t ) =
(− )3 ∫ dt 3 ∫ dt 3 ∫ dt 1 E (t 3 ) E (t 2 ) E (t 1 ) ⋅
 −∞
−∞
−∞

3

µ I (t ) ⋅ [ µ (t 3 ),[ µ (t 2 ),[ µ (t 1 ), ρ ( −∞ )]]]
∞

∞

∞

i
=(− )(3) ∫ dt3 ∫ dt2 ∫ dt1 E (t − t3 ) E (t − t3 − t2 ) E (t − t3 − t2 − t1 ) ⋅
 0 0
0

µ (t3 + t2 + t1 )[ µ (t2 + t1 ),[ µ (t1 ),[ µ (0), ρ ( −∞ )]]]
Equation 2.9

where we have changed the time variables in the second step, and
i
S (3) (t3 , t2 , t1 ) = (− )(3) µ (t3 + t2 + t1 )[ µ (t2 + t1 ),[ µ (t1 ),[ µ (0), ρ ( −∞ )]]]


Equation 2.10

is called the 3th order nonlinear response function:
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2.1.3. Feynman Diagram
Feynman diagrams are commonly used for explain the third order experimental results.
In a Feynman diagram (shown in Fig 2.2), the evolution of the system’s density matrix
elements in time could be represented by two vertical lines. Time evolution upwardly
progresses along the vertical lines. The left vertical line and the right vertical line record
the ket and the bra state of the system, respectively. The ket and bra states are
written inside the column. The phase match condition is determined by the arrow
direction. The three electrical fields applied are represented as three slant straight arrows
that upwards either to the left or right, and pointing towards either into or out of the
outsides of the vertical lines. The point where an arrow intersects with the vertical line is
a system-field interaction. The arrow that slants upwards to the right is considered to be a

non-conjugate electric field,
=
E A (r , t ) x A (t ) exp[ik A ⋅ r − iω At )] and an arrow that slants
upwards to the left is considered to be a conjugate electric field,
*
E=
x A* (t ) exp[−ik A ⋅ r + iω At )] , with k A , ω A are the wave vector and the angular
A (r , t )
frequency of the electric field, respectively, and the function ξ A (t ) is the envelope
function of the applied field A and describes its time dependence. The final dotted arrow
represents the trace over ρ (3) (t ) with the dipole operator µ. The initial and final states of
the density matrix in each diagram must be diagonal. Following a field interaction, the
density matrix element A B has a coherence frequency defined as

ω AB =

E A − EB


Equation 2.11

Diagonal (population) states have zero frequency.
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ket bra
ke

DD

k2

k3

CD

t3

CB

Tw

AB

t

AA

k1

Non-conjugate

Conjugate

Figure 2.2 A Feynman diagram for a 3rd order interaction under the phase match
k =−k1 + k2 + k3 . The system starts from the r AA state and ends at the r DD . k1
condition e
and ke are conjugate fields, while k2 and k3 are non-conjugate fields. In third order
experiments, the energy of states B and C must be higher than states A and D.

For the third order nonlinear signals with different phase-matching conditions will
propagate in different directions, and only signals from those Feynman diagrams that
have the required phase matching condition will be detected in a given direction.
Selecting a phase-matching condition forces each applied field to slant only to either the
right or left. In this book, there are two phase match conditions: rephrasing or nonrephrasing. For example, selecting the phase matching condition ke =−k1 + k2 + k3
restricts the relevant Feynman diagrams to only those that have k1 slanting to the left, and

k2 and k3 slanting to the right.
The signal would be rewritten as following:
Ri ∝ (−1) n ⋅ µ AB × µ AC × µ BD × µCD × e ± iw1t ⋅ e ± iw3t3 ⋅ Γ(t , Tw , t3 ) ⋅ exp[ g (t , Tw , t3 )]

Equation 2.12
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R is the material nonlinear response function. n is the number of arrows on either
side of the diagram. -1 represents that the signal is from absorption, and 1 represents that
the signal is from either bleaching or stimulated emission. Experimental data to illustrate
the principles will be discussed in next two sections. ω1 and ω3 are the frequencies of
coherences during τ and t3 periods, respectively, and their signs depend on detailed
Feynman diagrams. In this book, the narrow pump beam is employed, so, the B and C are
same states. In this book, each response function corresponds to one Feynman diagram.
Therefore, finding right Feynman diagrams is the core issue in understanding the signal
of the multiple modes multiple dimensional vibrational spectroscopy.
2.1.3.1. The Origin of the Diagonal Peaks

Figure 2.3 shows FTIR and T0 2D IR spectra of the KSCN:KS13C15N=1:1 4M
solution.

The

red

peaks=
1 ( ω1 2066
=
cm −1 ; ω3 2066 cm −1

)

and

3

( ω1 1993
=
=
cm −1 ; ω3 1993 cm −1 ) are assigned to the 0-1 transitions of the SCN and
S13C15N stretch mode, respectively. Both ω1 and ω3 have the same frequency as measured
from FTIR. They come from four Feynman diagrams shown in Fig 2.4. In all four
diagrams, during the two coherence periods t and t3, all coherences (01 or 10) are
between the ground state 0 and the 1st excited state 1 of the same mode, which determines
that the peak from these diagrams has ω1 (from the τ period) = ω3 (from the t3 period) =

ω01 (the 0-1 transition frequency) of the same mode. During the population period Tw,
diagrams R1~R4 produce populations in either the 1st excited state (11, the excited state
stimulated emission) or the ground state (00, the ground state bleaching). Both stimulated
emission and ground state bleaching “add” more light to the local MCT detector.
Therefore, the peak signals from them are positive and colored as red.
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Figure 2.3(A)FTIR (B) 2DIR of KSCN:KS13C15N=1:1 4M D2O solution

Figure 2.4 Feynman diagrams contributing to Peak 1 and 3 in Figure 2.3. 0 represents
the ground state, 1 represents the 1st excited states of the SCN and S13C15N stretch modes.

Peak 2 (2066 cm-1, 2040cm-1) and Peak 4 (1993 cm-1, 1967cm-1) are assigned to the 12 transitions of the SCN and S13C15N stretch mode. They are from diagrams R5 and R6
shown in Fig. 2.5. During the t period, both diagrams R5 and R6 produce a coherence (01
or 10) between the ground state 0 and the 1st excited state 1 of the same mode,
determining ω1 = ω01 . During the t3 period, both diagrams produce a coherence (21)
between the 1st excited state 1 and the 2nd excited state 2 of the same mode, determining
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ω3 = ω12 . During the population period Tw, both diagrams produce populations in the 1st
excited state (11, the excited state absorption). The excited state absorption “subtracts”
light to the local detector. The signal is negative and colored as blue.
In addition, the Feynman diagrams could not offer the information of the dynamic
rates. Also, these diagrams are related to possible vibrational sates. Therefore, the
electronic excitation mediated vibrational relaxation could not directly be presented in the
Feynman diagrams.

kn (ω12)

ke (ω12)

k3 (ω12)
k2 (ω01)

11

11

21 t3
11 Tw

21

01 τ
00

k3 (ω12)

k1 (ω01)

R5
Rephasing

k1 (ω01)

11
10
00

k2 (ω01)

R6
Nonrephasing

Figure 2.5 Feynman diagrams contributing to Peak 2 and 4 in Figure 2.3. 0, 1, and 2
represent the ground state, the 1st and 2nd excited states of the SCN and S13C15N stretch
modes.

2.1.3.2. The Origin of the Cross Peaks

Origin 1: Vibrational energy exchange induced cross peaks
Red peak 5 (2066 cm-1, 1993 cm-1) and 7 (1993 cm-1, 2066cm-1) come from energy
transfer from SCN to S13C15N. During the t period, all diagrams produce a coherence
(01) between the ground state 0 and the 1st excited state 1 of one mode, resulting in ω1 =
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ω01 . During waiting time period, vibrational energy transfer from 1st excited state to
another excited 1’ state. During the t3 period, all diagrams produce a 0-1’ coherence (1’0)
of the other mode, determining ω3 = ω01 , .This is the first excited state emitting signal for
cross peak (R1’ and R3’). If the state 00 transfers to state 0’0’ during the waiting time
period, it would be assigned as ground state bleaching energy transfer signal (R2’ and
R4’).
ke (ω0’1’)

ke (ω0’1’)
0’0’

k3 (ω0’1’)

0’0’

1’0’

1’0’ t3

1’1’

0’0’

k3 (ω0’1’)

11

k2 (ω01)

kn (ω0’1’)

Tw

0’0’

k1 (ω01)

R1’
Rephasing

00

k2 (ω01)

k1 (ω01)

R2’

ke =−k1 + k2 + k3

k3 (ω0’1’)

1’1’

k2 (ω01)

11
10

k1 (ω01)

00

0’0’

k3 (ω0’1’)

1’0’

01 τ

01
00

00

kn (ω0’1’)

k2 (ω01)

R3’
Nonrephasing

k1 (ω01)

1’0’
0’0’
00
10
00

R4’

kn = k1 − k2 + k3

Figure 2.6 Feynman diagrams contributing to Peak 5 and 7 in Figure 2.3. 0, 1, and 1’
represent the ground state and the 1st excited states of the SCN and S13C15N stretch
modes.

Peak 6 (2066 cm-1, 1967 cm-1) and 8 (1993 cm-1, 2040 cm-1) are absorption transitions
between the 1st excited state and the 2nd excited state. Both the diagrams are excited state
absorptions, resulting in blue peaks (R5’ and R6’). During the t3 period, the diagrams
produce a coherence (2’ 1’) between the 1st excited state and the 2nd excited state of the
SCN or S13C15N modes.
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Figure 2.7 Feynman diagrams contributing to Peak 6 and 8 in Figure 2.3. 0, 1, 1’, 2,
and 2’ represent the ground state, the 1st excited states, and the 2nd excited state of the
SCN and S13C15N stretch modes. During the population period, vibrational exchanges
produce population exchanges.

The analysis here is for data from the narrow-pump/broad-probe 2D IR measurements
for any energy transfer or chemical exchange experimental cross peak assignments. In
this book, the diagrams are suitable for cases in the semiconductor Pt15 nanocluster
energy exchange between bridge site CO and atop site CO, the energy exchange in
negative ion clusters between SCN- and S13C15N- .The energy transfer from SCN to NH4
in NH4SCN solution should not be used in this mechanism. It might experience the
combination band mediation. It will be discussed in chapter 6.
Origin 2: Heat effects induced cross peaks
In chapter 4, I will introduce the scheme of vibrational energy dissipate induced
electronic excitation. And the electronic excitation would couple with phonon lattice
motions, increasing surface temperature. The increasing temperature create the cross peak
on the step sites. The Feynman diagram of heat induced cross peaks is similar as the
vibration energy transfer. The excited population transfer occurs during the waiting time
period.
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In the condensed sample measurement, heat induced cross peaks is also quite common.
This heat is generated by the vibration relaxation increasing sample temperature. Our
group has estimated the amplitude of temperature increase about 6 degree with the
following parameters: “the excitation pulse energy of 5 μJ/pulse , the diameter of focus
spot of 100 μm , the sample thickness of 20 μm , the sample density and heat capacity
assumed to be the same as those of water”(3). The vibrational energy relaxation of CO on
metal surface also induces phonon excitation (Heat). The temperature increasing can
bring several effects on the sample: (1) the absorption coefficient of the vibrational
modes changing; (2) rearrange the populations of molecules in different sub-states; (3) In
solution, by breaking H-bond, the local structures and chemical equilibrium shift.

Figure 2.8(A)Temperature dependent FTIR of C-O on 5nm Pt nanoparticle. the
background temperature is 100K；(B)2DIR of C-O on 5nm PtNP at 0ps and 2ps (step
site and bridge site were normalized to 1, other sites were not normalized for better
illustration). Positive values in (A) represent absorption, and negative values represent
bleaching.

The color curves in Fig. 2.8A are the FTIR spectrum changing from 100K to 308K.
Fig 2.8B are 2D IR spectra of the solution at waiting time 0ps and 2ps. Peak 1 to peak 4
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are the diagonal peaks. Peak 5 and Peak 6 are heat induced cross peaks. These heat
effects can also be explained with Feynman diagrams. The heat induced bleaching is
from diagrams R7’ and R8’, because no matter the bleaching is caused by the decrease of
the optical density or the disappearance of an old species induced by heat, the signal is
always from the ground state holes at various frequencies. The heat inducing absorption
can be from the following reason. Those low frequency modes excited by heat are
coupled to the high frequency modes, so that these high frequency modes appear as
combination band absorption. The physical picture of the diagrams is that during the
population period, after the CO group of one molecule (e.g. A) is excited to its 1st excited
state with an excitation frequency, the excitation relaxes to electronic states (L), and then
the energy of L transfers to low frequency mode(s) (L’) of another molecule (B). The 3rd
pulse creates a coherence between L’ and the combinational band 1’+L’ of B. The
coherence produces a signal with an emission frequency. The two diagrams are excited
state absorptions; peak 6 from them is therefore negative and labeled as blue. The
diagrams for this reason are displayed in Fig 2.9&2.10.
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Figure 2.9 Feynman diagrams contributing to the heat induced new absorption. During
the Tw period, the relaxation of the 1st excited state of one mode creates a new species at
its ground state 0’. The third pulse E3 produces the new species 0’-1’ absorption.

Figure 2.10 Feynman diagrams contributing to heat induced blue cross peaks in Fig 2.8.
0, 1, L, L’ and 1’+L’ represent the ground state, the 1st excited states, the electronic
states(L), low frequency mode(L’), and the combinational band of the CO stretch m ode
and the low frequency
mode(s) of Pt 5nm NP CO sample.
2.2. Experimental
Description
2.2.1. Optical Laser Setup
As I introduced above, the central idea of the optical setup is to obtain two
ultrafast IR beams. One beam is narrow pump beam and other beam is board probe beam.
Based on this central idea, the system are including one Ti:Sapphire oscillator, two
multiple paths Ti:Sapphire Regenerative Amplifier (Regen), and one/two Optical
Parametric Amplifier (OPA). It is schematically shown in Fig. 2.11.
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.

Figure 2.11 Optical Setup of the multiple modes multiple dimensional spectroscopy
(first version).

Ti:Sapphire oscillator:
The Ti:Sapphire Laser system uses a diode laser (CW green light, output ~ 4W)
to pump a Ti:Sapphire oscillator. The oscillator is passively mode-locked using the Kerr
lens effect, and produces ultrafast pulses roughly 40~50 nm wide centered at 800 nm at a
repetition rate of 76~82 MHz and average power of ~400 - 500 mW. The produced pulse
duration of the oscillator is sufficient for ultrafast nonlinear spectroscopies. However, the
output power per pulse of a Ti:sapphire oscillator is too low to perform efficient
frequency conversion to the mid-IR for nonlinear experiments.
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In order to amplify the laser pulse before it is used to pump OPA, the regen
amplifers are employed in this setup. As shown in Fig 2.11, the laser beam is divided into
two beams entering two Quantronix amplifiers. One amplifier is ~1ps pulse duration, and
0.6~0.7nm wider center at 800nm. Its repetition rate is reduced from 80 KHz to 1 KHz.
The other amplifier is ~40fs pulse duration, and 22-28nm wider center at 800nm. Its
repetition rate is also reduced from 80 KHz to 1 KHz. The outputs of both amplifiers are
3.5W. The key component of our group’s setup is the synchronization of the ps and fs
amplifiers. The specific design here is adopted to accomplish the synchronization: we
used the same seed pulse from the same oscillator to seed both amplifiers.
Briefly, a ps amplifier and a fs amplifier are synchronized with the same seed pulse.
The ps amplifier (~ 2.8 mJ/pulse) pumps an OPA to produce ~0.8 ps (vary from 0.7~0.9
ps in different frequencies) Mid-IR pulses with a bandwidth ~21 cm-1 (12 ~ 35 cm-1) in a
tunable frequency range from 500 cm-1 to 4000 cm-1 with energy 1 ~ 40 μJ/pulse (1 ~ 10
μJ/pulse for 500 cm-1 to 900 cm-1 and >10 mJ/pulse for higher frequencies) at 1 kHz. The
fs amplifier (~ 2.8 mJ/pulse) pumps another OPA to produce ~140 fs Mid-IR pulses with
a bandwidth ~200 cm-1 in a tunable frequency range from 500 cm-1 to 4000 cm-1 with
energy 1 ~ 40 mJ/pulse at 1 kHz. In the experiments, the ps IR pulse is the excitation
beam. The fs IR pulse is the probe beam which is frequency resolved by a spectrograph
yielding the ω3 axis of a 2D spectrum. The temporal shapes of the IR pulses are
Gaussian. Scanning the pump frequency yields the ω1 axis of the spectrum. Two
polarizers are added into the probe beam path to selectively measure the parallel or
perpendicular polarized signal relative to the pump beam. This setup was used to measure
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the dynamic data in chapter 5 and chapter 6.
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Figure 2.12. (A) Autocorrelation trace of the fs amplifier output showing that the pulse
duration is ~45fs; (B) Crosscorrelation trace between the fs and ps amplifier outputs
showing that the ps pulse duration is ~1ps; (C) fs/ps crosscorrelation traces by
continuous scan in 30 minutes showing that the synchronization jitter is ~100fs; (D) the
band width of the ps amplifier output ~0.6nm; (E) autocorrelation trace of the fs OPA
output showing that the pulse duration is ~109fs; (F) crosscorrelation trace between the
fs and ps OPA outputs showing that the ps IR pulse duration is ~0.8ps; (G) the band
width of the ps OPA output ~18 cm-1; (H) the band width of the fs OPA output ~245 cm-1.

Two years ago, we updated the setup by new generation method of probe beam. This
setup was used to measure the chemical dynamics of CO on nanoparticle samples.
Briefly, a picosecond (ps) amplifier and a femtosecond (fs) amplifier are synchronized by
the same seed pulse. The ps amplifier pumps an optical parametric amplifier (OPA) to
produce ~0.8 ps mid-IR pulses (vary from 0.7~0.9 ps according to the frequency) with a
bandwidth of 10~35 cm-1 in a tunable frequency range of 400 cm-1 to 4000 cm-1 with
energy ranging from 1 ~ 40 μJ/pulse (1 ~ 10 μJ/pulse for 400 cm-1 to 900 cm-1 and
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>10 μJ/pulse for higher frequencies) at 1 KHz. Light from the fs amplifier is used to
generate a high-intensity mid-IR and terahertz super-continuum pulse with a duration of
<100 fs between 400 cm-1 to 3000 cm-1 at 1 KHz. Specifically, the second harmonic 400
nm light was generated by the collimated 800 nm beam from the fs amplifier passing
through a Type-I 150-mm-thick BBO crystal cut at 29.2° . Then the two collinear beams
compensated the temporal walkoff and tuned the relative polarization by passing through
the 2-mm-thick BBO (cut at 55°) and a wave plate, in said order. The two co-propagating
beams focused on air to generate the super-continuum pulse. In IR pump/IR probe
experiments, the ps IR pulse is the pump beam and the super-continuum pulse is the
probe beam. Two polarizers are inserted into the probe beam pathway to selectively
measure the parallel or perpendicular polarized signal relative to the excitation beam. The
signal detection is the probe beam intensity changing in MCT, with or without the
chopper on. To avoid scatter signal for the nanoparticle sample(4), the detection beam
was aligned perpendicular to the excited beam. On a 5nm sample, we also measured both
rotational free (parallel signal plus two perpendicular signals) and perpendicular signal.
For all metallic nanoparticle samples, the two types of measurements yielded around 10%
uncertainty. For the 1nm sample, we also measured the rotational free data.
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Figure 2.13 Optical setup of the multiple modes multiple dimensional vibrational
spectroscopy (second version).

Compared with the echo system, this setup does not need to obtain signals from both
rephasing and nonrephasing pathways. Under the pump/probe configuration, the pump
beam is the sum of the excitation pulse E1 and E2. Therefore, signals from both rephasing
and nonrephasing pathways could simultaneously emit along the same direction of the
probe beam, and the probe beam is the sum of the excitation pulse E3 and the local
oscillator ELO.
The major advantages of the design are: (a) its excitation power is extremely high with
1~40 µ J / pulse concentrated within ~20 cm-1 band width, which is at least one order of
magnitude higher than most other photo echo 2DIR setups. Such high pump power
enables measurements on weak vibrational transitions and couplings. Almost all
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molecules with active IR modes in condensed phases can be studied by this high power
approach now. (b) The excitation and detection frequencies ω1 and ω3 are independently
tunable because they are from different OPAs/IR source. This design allows us to probe
the coupling and energy transfer between essentially any two modes only if their
frequencies are within the range of 1000~4000 cm-1. (c) The updated probe beam also
extends the range of probe frequency. It is more convenience because the probe laser
contains all the Mid IR frequency. The major drawback of the approach is that the
temporal and frequency resolutions of the pump pulse. The band width of the ps pulse is
~20 cm-1, and its pulse duration is ~0.8ps. Therefore, it is difficult to obtain fast dynamics
(100~200 fs) with a good frequency resolution (<10 cm-1).
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2.2.2. Sample Preparation
2.2.2.1. Preparation of 1nm Pt Nanoparticle Sample ([Pt3(CO)3(µ2-CO)3]52- )
Clusters
0.5 mL (0.1 M) aqueous solution of chloroplatinic acid (H2PtCl6·6H2O) dissolved
in 10 mL dimethylformamide (DMF) was reduced under CO atmosphere (0.1 MPa) at 50
o

C for 12 h in a glass pressure vessel. The colour of the solution was changed gradually

from yellow to blue-green after 12 h. Or the same concentration solution can be sealed
into 1.5atm CO glass vessel for 28hours. The FTIR was shown in Fig 2.14A (solid) and
Fig 2.14B in DMF solution.

Figure 2.14(A) FTIR of solid 1nm sample (B) 1nm Pt nanoparticle in DMF solution.
(40um spacer)(C) UV-visible spectrum of 1nm Pt nanoparticle in DMF solution.
Uv-vis characterization of [Pt3(CO)3(µ2-CO)3]52- clusters
The UV-visible spectra of the reaction solution before and after reaction were
recorded by using a Varian Cary 5000 UV-visible spectrometer. Compared with the
H2PtCl6 solution, two new peaks at 400 nm and 630 nm appear in the cluster solution,
consistent with those of the [Pt3(CO)3(μ2-CO)3]52-. The UV-vis spectrum was shown in
Fig 2.14C.
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2.2.2.2. Preparation of ~2nm Platinum Nanoparticle

Method for Vacuum sample measurements:
The ~2nm Pt Nanoparticle synthesis was exactly followed the reported method.
(5) K2PtCl4 (3mM ethylene glycol solution) and 10mM sodium acetate was mixed in hot
1, 2-ethanediol at 80 °C, string 30min. The hot solution then was cooled down. CO gas
was bubbled as CO 200ml/min within 30min in the hood. The solution was then mixed
with water with v/v ratio 3:1. The mixture was centrifuged 3 times with 26000 rpm 38
hours or 20hours 40000rpm. The sediment was resolved into several drops of 1, 2ethanediol. The solution was dropped onto the CaF2 windows and transferred into the
vacuum oven overnight to remove solvent. The sample covered CaF2 window was
located into vacuum chamber and oil-free pumped overnight. The FTIR of 2nm sample in
Figure 2.23 bridge area (1830-1890 cm-1) and (2090-2130 cm-1) were zoom in as 3 times
for better illustration.

Figure 2.15 TEM pictures of 2-10nm Pt nanoparticle (A) 2~3nm (B)~5nm (C)~10nm.
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The sample was characterized by JEM 2100F TEM and Rigaku D/Max Ultima
XRD. The TEM and XRD data were shown in Fig 2.15 and Fig 2.16. The Extended Xray absorption fine structure was also shown in Fig 2.16 taken from ARGON National
Lab (Operated by Zhun Zhao). The temperature control measurements were performed
with JANIS model ST-100.

Figure 2.16(A) Extended X-ray absorption fine structure blue: Pt nanoparticle
Red: Pt Foils(B) XRD of Pt nanoparticles
Method for solution sample measurements:
k2PtCl4 (0.0174g, 4.2x10-5mol), poly(acrylic acid sodium salt) (MW ~5100,
0.0394g) and 10 mL ethylene glycol were mixed in a 50 mL flask. It is noted that
poly(acrylic acid sodium salt) shows poor solubility in ethylene glycol at room
temperature. Under vigorously stirring, the solution was heated to 180 oC and kept at 180
o

C for 10 min. The color of solution would become dark and clear with increasing

temperature, which indicates the formation of ~2-3 nm Pt NPs. Then, the sample was
dropped on the CaF2 window. Vacuum pump was used to remove main parts of ethylene
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glycol solvents in the vacuum oven. Only two drops left on the CaF2 window. Another
CaF2 was then used to seal the sample. The sample was located between two CaF2. The
FTIR was shown in Chapter 3 Fig 3.8.
2.2.2.3. Preparation of 5nm Platinum Nanoparticle

The 5 nm Pt nanoparticles are synthesized according to method reported by
Somorjai group. (6). In a typical experiment, platinum(II) acetylacetonate (80 mg, ~0.2
mmol) and Polyvinylpyrrolidone (PVP, 55 mg, MW = 55,000) were dissolved in 5 ml of
ethylene glycol. The solution was then heated to 200 oC in microwave reactor (Anton
Paar Monowave 300) under stirring rate 1200 rpm/min and held at that temperature for 5
min, and then cooled to room temperature. The as-prepared Pt nanoparticles were
precipitated with 45 ml of acetone and re-dispersed in 10 ml of ethylene glycol to remove
excess PVP. The TEM was shown in Fig. 2.15. The FTIR of 5nm sample in in this
chapter bridge area (1830-1890 cm-1) and (2090-2130 cm-1) were zoom in as 10 times for
better illustration.
2.2.2.4. Preparation of 10nm Platinum Nanoparticle
The preparation method of 10 nm Pt NPs in this study is revised from the method
of Ahmadi et al. (7). Firstly, 250 mL 1×10-4 M K2PtCl4 solution in DI water was
prepared, followed by adding 0.2 mL of 0.1 M sodium polyacrylate. Then N2 gas
(>99.99% Matheson) was bubbled into the mixture at a flow rate of 200 mL/min for 20
min. Reduction of Pt ions was started by switching the bubbling gas to H2 (>99.99%
Matheson) for 10 min at a flow rate of 200 mL/min. The reaction vessel was then sealed
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and left under room temperature for 48 hours to complete the reduction. The lightly
golden color of the solution indicated the formation of 10 nm Pt NPs. The TEM picture
was shown in Fig 2.15.
2.2.2.5. Preparation of 5nm Palladium Nanoparticle
In a typical preparation, 0.449 g (2.00 mmol) of palladium(II) acetate and 0.85 g
of Polyvinylpyrrolidone (PVP, MW=55,000) were dissolved in 20 mL of 2ethoxyethanol. The solution was then heated to 110 oC in microwave reactor (Anton Paar
Monowave 300) under stirring rate 1200 rpm/min and held at that temperature for 60
min, and then cooled to room temperature. The as-prepared Pd NPs are used for
spectroscopic measurement.

Figure 2.17 TEM of 5nm Pd nanoparticle
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2.2.2.6. Preparation of 1nm Palladium Nanoparticle
In a typical experiment, 0.25mmol of silver nitrate (AgNO3) and 0.0625 mmol of
palladium acetate (Pd(O2CCH3)2) were dissolved in 21 mL water and 1.25 mmol of
para-mercaptobenzoic acid (p-MPA) were dissolved in 12 mL ethanol. The aqueous
solution and ethanolic solution were mixed to form the yellowish insoluble precursor.
The pH was then raised to 12 to deprotonate p-MPA by using aqueous CsOH (50% w/v).
The color of solution immediately became red with the increase of pH value. After that, 9
mL of aqueous NaBH4 (3.125 mmol) were slowly added to precursor solution with
vigorous stirring. The color of solution turned to dark after adding NaBH4 solution. After
1 hr reaction, the obtained product was cleaned first by centrifuging to remove any solids
and then precipitating the clusters with DMF to remove salts and other left-over soluble
materials from the reaction.
2.2.2.7. Preparation of Au Nanoparticles
The synthesis of ~5 nm Au nanoparticles was according to modified Brust method.
(8) Typically, HAuCl4•3H2O (80mg,2.03x10-4 mol) dissolved in 5mL H2O and
tetraoctylammonium bromide (TOAB, 185mg, 3.38x10-4mol) dissolved in 10mL toluene
were mixed together and stirred vigorously for 20min to effect phase transfer of gold salt
into the toluene phase via the formation of charge neutral compounds TOAB+ [AuCl4xBrx]

-

; the clear aqueous phase was then removed. Then, an aqueous NaBH4 solution (78

mg, 2.03x10-3 mol, dissolved in 5mL cold water) were slowly added to solution with
vigorously stirring. The gold nanoparticles were formed immediately. After 20 min, 1
mL dodecanethiol (1-C12H25SH) was added to solution to perform the ligand exchange
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from TOAB to dodecanethiol. The reaction was continued for 1h to complete the
exchange of ligands. To purify the gold nanoparticles, excess ethanol were added to
toluene phase to precipitate the nanoparticles. The black precipitates were collected by
centrifugation at 9000 rpm for 5 min and re-dissolved in methyl chloride (CH2Cl2) for
further experiment. TEM and Visible spectrum are shown in Fig 2.18.

Figure 2.18 TEM of Au 2-5nm nanoparticle sample

Au25(captopril)18(-) and Au25(SC12H25)18 (-)nanoclusters were synthesized according
to the size focusing method developed by Jin group. (9, 10). The visible spectrum and
MS spectrum are shown in Fig 2.19. ~2nm poly(N-vinyl-2-pyrrolidone) (PVP) protected
gold nanoparticles were prepared by the reduction of HAuCl4•3H2O with NaBH4 in the
presence of PVP at aqueous phase.(11) ~2nm dodecanethiol protected gold nanoparticle
was synthesized according to transitional Brust method(12). TEM are shown in Fig 2.18.
To absorb CO on the surface of metal nanoparticle/nanoclusters, all the
nanoparticles/nanoclusters were dissolved in 10 mL solvents (ethylene glycol for Pt NPs,
~2nm PVP-Au NPs and Au25(captopril)18(-); CH2Cl2 for Au25(SC12H25)18 (-) and then
purged by CO gas for 10 min. The solution was dropped onto CaF2 windows and
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transferred into a vacuum oven to remove solvent. The vacuum oven also stores the PtCO NP samples that could offer for the CO source.

Figure 2.19(A) Visible spectrum of 5nm AuNP (B) Visible spectrum of 1nm AuNP (C)
MS of 1nm AuNP.

2.2.3. CO binding Sites Assignments

In this book, metal nanoparticle should not be treated as simple sphere. Take

2nm Pt nanoparticle as example: The Pt 309 magic cluster model(13)(14) was suitable for
the description of the shape of this particle, offering two types of terrace faces (pt(111)
and pt (100)) and the adjacent edge steps for CO adsorption, as shown in Fig 2.20A. The
FTIR spectrum of this sample is shown in Fig 2.20B. It has been demonstrated that step
site has higher binding energy to interact with CO than the terrace site (15, 16). It had
been reported that the CO stretch frequency of the step sites should be smaller than the
atop terrace sites (17)(18). Therefore, as shown in Fig 2.20B and Fig 2.20C, CO would
first occupy the step sites of the particle with peak 2030 cm-1. After linear occupation of
step sites, CO has the following choices for the two terrace faces: coordinating with a
single Pt atom on atop sites (2100cm-1, Fig 2.20D) , binding with two Pt atoms on bridge
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sites (~1860 cm-1, Fig 2.20E) or inserting into three Pt atoms on hollow sites (1815cm-1,
Fig. 2.20F)(19). The 1860 cm-1 and 1815 cm-1 could not be resolved by FTIR, but could
be clearly detected by 2DIR, shown in Fig. 2.21.There is another peak in 1830cm-1 also
shown in Fig. 2.21. The assignment of 1830 cm-1 is somewhat controversial so that I will
introduce in chapter 3 and do not use it for vibrational relaxation study in this book. It is
mainly possible to be the bridge sites between two step atoms.
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Terrace site
Bridged site
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hollow CO
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Figure 2.20 Carbon monoxide on the Pt NP surface
(A) Magic cluster model of Pt 309; (B) FTIR ;(C) Step CO stretch; (D)Terrace CO
stretch;(E)Bridged CO stretch; (F) Hollow site CO stretch.
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Figure 2.21 The 2D IR spectrum for CO stretch in Bridged area at 0ps.

Figure 2.222DIR of carbon monoxide on 2nm Pt nanoparticle(four diagonal red peaks
were normalized to the same intensity) at 200fs; I: Step site II: Bridge site III: Terrace
site VI: Hollow site.

If the nanoparticle is larger, the Magic cluster model would not be suitable to
exactly describe the shape of nanoparticle. However, we still could see at least three
peaks of CO on Pt nanoparticle surfaces according to FITR measurements. The hollow
sites are difficult to be examined. On 5nm Pt nanoparticle sample, shown in Fig 2.23, it
also presents terrace CO (2115cm-1), step CO (2060cm-1) and bridge site (1880cm-1). The
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2DIR of 5nm Pt nanoparticle is shown in Fig 2.24. The terrace site is so week that could
not easily to observe by 2DIR. Because of coating PVP on this nanoparticle surface, the
chemical absorption peaks of CO are shifted to 10~30 cm-1 higher frequencies. The
similar results are investigated on the 2nm nanoparticle surfaces, with coating PVP,
chemical shifts are 10~30 cm-1 to the higher frequency ranges, as shown in Fig 3.08. If
the particle size enlarged to 10nm without coating any polymer, it still could have three
clear peaks on both FTIR and 2DIR. The 2DIR is shown in Fig 2.25. Similar as 2nm Pt
nanoparticle, the terrace site CO of 10nm Pt nanoparticle locates on the 2100 cm-1, the
step site CO is on 2040 cm-1 and the bridge sites are ranging from 1880 cm-1 to 1800 cm-1
with board band absorption.

Figure 2.23FTIR of carbon monoxide on 1nm, 2nm, 5nm and 10nm Pt nanoparticle. I:
Step site II: Bridge site III: Terrace site VI: Hollow site.
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Figure 2.242DIR of 5nm Pt CO sample at 0ps. (Bridge site is normalized to larger
intensity, terrace is not shown here)

Figure 2.252DIR of 10nm Pt CO sample at 0ps. (Bridge site and step site are
normalized to 1)

The Pd-Ag cluster is a new promising sample. The structure has not been well
defined. The clear picture is that the Pd:Ag atom ratio is 1:6 based on the analysis of XPS
(shown in Fig 2.26). The synthesis of Ag cluster is Ag44. This structure is well defined.
The attached several Pd atoms are just surrounding the Ag core. Therefore, if Pd atom
could bind with CO, there is only one kind of binding format as 1-1 atop binding. As
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shown in FTIR Fig. 2.27, 2068 cm-1 shape peak should be assigned as the CO on the Pd
atop site surface.

Figure 2.26 XPS of Ag-Pd bimetallic sample.

Figure 2.27(A) FTIR of 1nm and 5nm Pd sample in chamber. (B)5nm Pd sample
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CO on Pd nanoparticle surfaces has some difference with it on Pt nanoparticle
surfaces. As shown in Fig 2.27, the main absorption peak is around 1930 cm-1. This site
should be assigned as the bridge sites that linking with one step atom and one terrace
atom.(20) There are also two tiny absorption peaks around 2040 cm-1 and 2097cm-1. The
two peaks could be assigned as atop sites on particle surfaces. The lower frequency is the
step site and the higher one might be the terrace site.

Figure 2.28(A) FTIR of CO binds on Au 5nm, Au 2nm PVP and Au 2nm sample,
respectively. (B) The 2D spectrum of CO on Au5nm sample at 0ps panel.
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Figure 2.29(A) FTIR of CO binding on Au25 sample. (B) 2DIR of the CO binding on
Au25(-) at 0ps panel.

CO on Au nanoparticle surface is more straightforward. The bridge site CO on Au
nanoparticles (2nm and 5nm) has not been observed. As shown in Fig 2.28, the CO
absorption is quite week on Au nanoparticle surfaces. According to the frequencies of CO
on Au NP surfaces, the CO could bind to several Au atop site on Au NP surfaces. The
CO could not bind with Au terrace site.(21) Thus, the binding site of CO on >2nm Au NP
should be on the step. On the 1nm Au25 sample, there is only one single shape peak at
2060cm-1.This peak is confirmed by 2DIR, shown in Fig 2.29. Therefore, it is clear that
CO would be bind to the surface of 1nm sample as 1-1 ratio with Au atom.

2.3. Concluding Remarks
A new approach of multiple modes multiple dimensional vibrational spectroscopy
setup is developed. The synchronized two amplifiers could allow me to study weak signal
vibrational relaxation and mode specific intermolecular vibrational energy transfers.
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Because of its high pump power and data acquisition rate, it could provide chemical bond
specific structural resolution as well as femtosecond temporal resolution to study
structures and dynamics of heterogeneous and homogeneous condense phases. The basic
concepts, experimental setups and signal origins are briefly introduced in this chapter.
The main synthesis work of variety nanoparticle synthesis also is presented in this
chapter. The assignments of CO binding formation on metal nanoparticles are discussed
for better illustration of next chapters.
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Chapter 3

Vibrational Relaxation of
Absorbates on Noble Metal
Nanoparticles Surfaces

3.1. Introduction
Metal nanomaterials have many important applications in nano-electronics, nanophotonics, bio-chem-sensors, bio-imaging and catalysis(1, 2). Understanding of this new
class of materials has reached an unprecedented level with the progress of experiments
and theory from various fields (3). However, many fundamental aspects about the
interactions of this class of materials with molecules are yet to be explored and
elucidated. Such fundamental knowledge is indispensable for the ultimate controls of
these materials at the molecular level. Significant efforts have been invested in this field
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to optimize the efficiencies and properties of these materials and to rationalize their
designs. However, the development of a good metal nanocatalyst still mainly relies on the
trial-and-error approach(4). Rational guiding theories are yet to be developed. The
apparent reason for the situation is that a practical nanocatalytical system has too many
degrees of freedom for current theoretical frameworks to handle. The fundamental reason
is that the properties and structures of atomic or molecular clusters at the nanoscale are
different from those of molecular compounds or bulk samples. On one hand, quantum
mechanics play an important role in these new types of materials. Many size dependent
quantum effects, which are not observed in bulk, occur on nanoparticles(5). On the other
hand, many fundamental principles for bulk samples, which are widely used to predict
properties of nanomaterials, may break down or need major revisions for these new
materials because of the quantum effects(6). The Key to understand the functions of these
noble nanoparticle in variety industrial roles is to explore how the electrons on
nanoparticle to participate in the molecular world surrounding nanoparticle. However, in
practice, the lack of suitable experimental tools for the investigations of electronmolecular interaction and dynamics on surfaces of these materials is also a major issue
preventing us from further understanding the molecular details of these sophisticated
systems.
Despite of its importance, it is still lacking systematical study of the general
dynamically interaction between electron and surface vibrational chemical bond, so
called “electron/vibration coupling”, on the surfaces of metal nanoparticles. The previous
IR lineshape analysis method suffers from the inhomogeneity of surface molecular
species(7): a typical IR peak from a vibrational mode of a molecule on a nanoparticle is
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inhomogeneously broadened, which makes the dephasing time and vibrational lifetime
derived from the peak width analysis misleading(8). The IR pump/probe experiments
pioneered by Heilweil et al(9, 10) also provided a straightforward method to obtain the
vibrational lifetime of a probe mode on metal particle. However, this experiment only
examined single terrace frequency or just clean metal surface. It is of industrial
importance to explore and understand the heterogeneous catalytic processes at
nanoscale(11), and particularly to clarify the essential roles in different reaction sites.
Therefore, the precise experiment to describe the electron/vibration coupling at such sites
can provide new insights for explanation of the selectivity mechanism for heterogeneous
catalysis(12).
The surface electron/vibration coupling also cast the doubts to the existing
theoretical tool descripting reactants potential energy surface during chemical reactions
on industrial metal nanoparticles. On metallic nanoparticle surfaces, there can be many
free electrons. The motions of these surface electrons can couple to the nuclear motions
of the surface molecules by electron/vibration coupling. If the coupling is sufficiently
strong, the Born-Oppenheimer approximation (BOA) (13, 14) which assumes that the
fast-moving of light electrons is independent to the slower motion of the more massive
atomic nuclei, may break down. The BOA underlies the concept of the potential energy
surface, V(R), the electronic and nuclear repulsion energy of the system at fixed set of
nuclear positions, R. V(R), is the centerpiece of chemical reaction theory. The validity of
the BOA rests on the following factors: (1) the gradual rearrangement of the electrons
should be associated with shifting of nuclear positions; in other words, the non-adiabatic
coupling need be small; (2) the electronic states of the system must be widely gapped by
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energy, which should be much larger than the vibrational energy of surface chemical
bond; and (3) the moving velocity of the nuclei must be sufficiently slow to allow the
electrons to adjust completely to their motions.(15, 16) On metal surfaces, the electronic
states are a continuum, the conduction band, for which there is no energy separation
between electronic states. Electron-hole pair transitions between electronic levels in the
conduction band can provide a relaxation mechanism for energy transfer from an
adsorbate molecule and even call into questioning the applicability of the concept of
motion evolving on a potential energy surface.
To experimentally determine the electron/vibration coupling on metal nanoparticle
surfaces, in this chapter, I will introduce the surface chemical bond (C≡O) vibrational
energy relaxation on different binding sites of different kinds of metallic nanoparticle
surface in vacuum/solution conditions. Combined with these results, I introduce two
distinctive energy dissipation mechanisms on the metal nanoparticle surfaces. The
pathways are particle-size-dependent. As we will demonstrate below, on the surface of
large particles ( ≥ 2nm) which are metallic, the Pt surface electronic excitation mediates
the vibrational energy dissipation pathway of CO molecules. Electron vibration coupling
is shown on these metallic nanoparticle surfaces with the investigations of the site
dependence, size dependence, frequency dependence, chemical nature dependence and
temperature dependence properties of the surface chemical bond (C≡O) vibrational
energy dissipation pathway. On the surface of small Pt nanoparticles (1nm) that are
semi-conductive, the vibrational energy relaxations of the CO molecules are dominated
by vibration/vibration coupling, which are slower than those on the metallic nanoparticles
for more than one order of magnitude. These experiments clearly demonstrate that on
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large metal nanoparticles, the surface molecular nuclear motions can be strongly coupled
to the surface electronic motions. In other words, BOA breaks down. On small metal
particles that are lack of free surface electrons, BOA holds as the vibration/vibration
coupling can be more important than the electron/vibration coupling.

3.2. Fast Vibrational Energy Relaxation on Metallic Pt
Nanoparticles
3.2.1. Fast Vibrational Energy Dissipation of CO on Pt 2nm Nanoparticles Step
Site

To investigate the surface electron/vibration coupling on the 2nm Pt nanopartciles,
we measured the vibrational relaxation dynamics of CO molecules on four surface sites:
terrace, step, bridge, and hollow sites, and conducted a series of control experiments to
exclude possibilities other than electron/vibrational coupling which can potentially
contribute to the experimentally observed signal dynamics. Here we will first introduce
the results of CO molecules on the step sites in details, and subsequently results of CO
molecules on other sites.
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Figure 3.1 Waiting time dependent 2D IR spectra of CO molecules on the step and
terrace sites of the 2nm Pt particles at 293K.

Fig 3.1 displays the time evolution of 2D IR spectrum of the 2nm Pt nanoparticles
for CO molecules on the step sites (2030 cm-1) and on the terrace sites (2100 cm-1).
Because of much larger population, both red and blue peaks of the step site CO molecules
are much larger than those of the terrace CO molecules of which the red peak look like a
small shoulder in Fig.3.1. If we zoom in to the 2100 cm-1 region, the peak pairs for the
terrace CO molecules can be clearly observed, as shown in Fig.3.2. In Fig.3.1, the red
peak A at ω=
ω=
2030 cm −1 is the CO stretch 0-1 transition of molecules on the step
1
3
sites, and the blue =
peak B at ω1 2030
=
cm −1 ; ω3 1972 cm −1 is the 1-2 transition of the
same species. There are two important observations from Fig.3.1 which can help us
resolve the molecular dynamics on the particle surface: (1) the intensity ratio of peaks
A&B remains almost constant with the increase of delay time; indicating that molecular
desorption-induced fast signal decay is not likely because the desorption-induced
bleaching signal (red peak) would be much longer-lived than the absorption signal (blue
peak) if desorption did occur; and (2) no cross peaks because of chemical exchanges or
vibrational energy exchanges(17) between molecules at 2030 cm-1 and 2100 cm-1 are
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observed at typical exchange positions, e.g. the exchange blue peak from 2100 cm-1 to
2030 cm-1 should =
appear at ω1 2100
cm −1 ; ω3 1972 cm −1 if exchange events happened,
=
indicating that within 5ps direct vibrational energy exchanges or molecular migrations
between the terrace sites and steps sites are very little if any.
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Figure 3.22D IR spectrum showing the 0-1 and 1-2 transitions of the CO stretch on the
terrace site at waiting time 0.

Figure 3.3 Vibrational relaxations of the CO stretch 1st excited state on the step sites
at three different temperatures.
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Fig 3.3 displays the decays of vibrational excitation signals of the CO stretch 1st
excited state on the step sites at 293, 150 and 80 K. The relaxations at the three
temperatures are essentially identical. Analyses with single exponential decays show that
the three decay times are the same, 2.2 ± 0.2 ps . This time constant is one to two orders
of magnitude smaller than the typical vibrational lifetimes of CO molecules as in
organometallic compounds in solutions (18-20) and also on semi conductive
nanoparticles (see next section 3.3), indicating that the observed signal decays on Pt
particle surfaces can be dominated by mechanism other than that governing the
vibrational relaxations in the organometallic compounds.
On the Pt nanoparticle surface, after one CO absorbabte is vibrationally excited,
several dynamic events can occur to affect the observed vibrational excitation signal
decay: (i) the excited CO molecule can fly away and never come back, resulting signal
decay. This is not likely since we didn’t observe any signal decay for every repeated
experiment of which the repeating time is about one minute within two hours. (ii) The
excited CO molecule can fly away or migrate to other sites and come back after tens of ns
that our experimental delay didn’t reach but before 1 ms which is our laser repeating rate.
This is not likely either because this event would produce a long-lived bleaching at the
CO 0-1 transition peak that would decays a little bit slower than the 1-2 transition.
Results in Fig 3.4 show that the CO stretch 0-1 and 1-2 transitions decay in very similar
manners. (iii) The excited CO molecule can migrate back and forth on different surface
sites. This is not likely either because we didn’t observe the growth of exchange cross
peaks at other frequencies within the decay time of ~2.2ps. Fig.3.1 shows that CO
molecules at the step sites don’t migrate to the terrace sites. If the vibrational energy
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transfer rate from 2030 cm-1 to 2100 cm-1 is fast enough to affect the decay rate of excited
2030 cm-1 mode, the vibrational energy would excited 0-1transition of terrace CO
vibration in 2100 cm-1 and 1-2 transition of 2070 cm-1 in early waiting time with relative
large signal intensity, thus, the cross red peak (2030cm-1, 2100cm-1) and cross blue peak
(2030 cm-1, 2070 cm-1) should be unambiguously seen in early waiting time, such as 2ps.
From Fig 3.1, cross peaks are not that clear. Furthermore, from the two color pump probe
data, the gradual increasing excited 2100 terrace CO stretch induced by energy
transferring from excited 2030 cm-1 with positive intensity signal should not be trivial
within a few ps around if pumping 2030cm-1 and probing 2100 cm-1, as shown in Fig
3.5A. Similarly, the energy exchange rate from 2030 cm-1 to 1855 cm-1 was much slower
than the population decay rate, as shown in Fig 3.5B. It is no significant CO bridged site
0-1transition vibration signal induced by energy flow down from step site CO vibration
being excited. The initial negative signal was just the tail of the 1-2 transition of the step
CO vibration. The CO migration on bridge site would be discussed in section 3.7. (iv)
The vibrational excitation of the CO molecule on the step site transfers to molecules at
other sites(21). This is not likely either because no energy transfer cross peaks which
would appear at the same positions as those assumed chemical exchange cross peaks
discussed above. Estimated from the energy transfer equation derived from our previous
experiments,(22) the energy transfer times from the step sites to other sites should be
slower than 100ps.
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Figure 3.4 Vibrational relaxation measurement of CO Pt NP at step site(293K).

Figure 3.5 Two color pump probe measurements of CO PtNP. (A) Pump-Probe data for
pumping step site 2030cm-1 probing terrace site 2100 cm-1; (B) Pump-Probe data for
pumping step site 2030 cm-1 probing bridge site CO.

The only remained possible dynamic event is that the vibrational excitation of CO
stretch can (A) relax to low frequency modes of the CO molecules and the Pt lattice
motions or (B) convert into the motions of surface electrons. Let’s consider the
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possibility of (A). On the Pt particle surface, the maximum frequency of low frequency
modes is lower than 420 cm-1 which is significantly smaller than that of the step CO
stretch frequency 2030 cm – 1.(23) Therefore, the vibrational energy transfer of the CO
stretch (2030 cm – 1) to these low frequency modes must be a process involved at least
five phonons(24) which requires the environmental phonons to compensate for the
energy donor/acceptor mismatches. The energy transfer rate of such a multiple-phonon
process is dependent on the phonon density which is typically smaller at lower
temperature.(25) Therefore, phonon-assisted vibrational relaxations are typically
temperature dependent, and usually at a lower temperature the vibrational relaxation is
slower. For example, as shown in Fig. 3.6, the vibrational lifetime of the CN stretch 1st
excited state of a KSCN crystalline sample increases from 447ps at room temperature to
647ps at 150K and 1748ps at 80K.

PP Signal (normalized OD)

1.0
293K
150K
80K

0.8
0.6
0.4
0.2
0.0
0

400
800
1200
Waiting time (ps)

1600

Figure 3.6 The vibrational relaxations of CN stretch 1st excited state of a KSCN
crystalline sample at three different temperatures. The relaxation is slower at a lower
temperature.
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There can be some exceptions when the sum frequency of the energy acceptors is
temperature dependent so that the vibrational lifetime is not necessarily smaller at a lower
temperature.(25) Therefore, we cannot completely rule out the phonon-assisted
vibrational relaxation mechanism based on the observed temperature-independence of the
CO stretch vibrational relaxation on the step sites. However, if this was the dominant
mechanism responsible for the observed fast decays of CO vibrational excitation on the
step sites, we would expect that on the same nanoparticle the temperature dependences of
the vibrational relaxations of the CO molecules with different vibrational frequencies at
the four different sites should be different because it is essentially impossible for the
same environment to match four different donor/acceptor energy mismatches at the same
time at any temperature. Experimentally, we observed that for the four CO species, their
CO stretch vibrational relaxations are all temperature independent, as shown in Fig 3.7,
indicating that the phonon-assisted mechanism is not responsible for the observed fast
CO vibrational decays on the Pt particle surface. Some previous experimental results also
support this argument. For example, the CO stretch vibrational lifetime (through the
phonon-assisted mechanism) on the surface of an insulator is a few micro seconds(26). Its
lifetimes (through the phonon-assisted mechanism) in organometallic compounds are tens
or hundreds of ps.(18, 19) The examples demonstrated that the phonon-assisted
relaxations are probably much slower than the observed very fast decay 2.2ps for the CO
molecules in this study.

66

0.8

293K
150K
80K
Fitting Curve

0.6
0.4
0.2
0.0
0

5
10
15
Waiting time (ps)

20

(C)1.0

Pump Bridge CO
Probe bridge CO

0.8
0.6

293K
150K
80K
Fitting curve

0.4
0.2
0.0
-0.2

0

5
10
15
Waiting time (ps)

20

Normalized ∆O.D.

(B)1.0

Pump terrace CO
Probe terrace CO

Normalized ∆O.D.

Normalized ∆O.D.

(A)1.0

Pump Hollow CO
Probe Hollow CO

0.8
0.6

293K
150K
80K
Fitting curve

0.4
0.2
0.0
-0.2

0

5
10
15
Waiting time (ps)

20

Figure 3.7 Vibrational relaxations of the CO stretch 1st excited state on terrace sites (A),
bridge sites (B), and hollow sites (C) at three different temperatures. Normalized ΔO.D.
is the vibrational population. Dots are data, and lines are single exponential fits.

3.2.2. Control Experiments

This section is further designed to rule out the possibility of the multiple phonon

induced fast vibrational relaxation of CO on metallic nanoparticle surfaces. Our
investigated sample is 2nm Pt sample coated with CO. The argument is the CO relaxation
damping from combination of different low frequency vibrational modes (lattice
vibration). If the sum of the dark frequency modes exactly matches with CO vibrational
frequency, resonance transfer could from excited CO to these dark modes and down to
low vibrational frequency modes. At the above section, the temperature independent
experiment has been the strong evidence to oppose the argument. In this section, I will
introduce two more experiments to strength that vibrational combination band should not
be the main reason for fast vibrational relaxation. According to the Debye cutting off
frequency limit, the Pt metal phonon frequency should be less than 200 cm-1. In other
words, the 2nm Pt nanoparticle Pt-Pt lattice vibration should be less than the Debye
cutting off frequency (164cm-1). The sample is assumed as clean Pt surface binding with
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CO. It supposed to be no more chemicals around the surface. If the combination band is
the truly source to damp vibrational energy relaxation, it needs at least twelve phonons
combine together as combination peak.
3.2.2.1. Shifting CO frequency to Higher Frequency
The combination band should have exact same frequency to resonant with CO
vibrational frequency. Here, by adding 2nm Pt sample to more complicated system
(coated on PVP and dissolved into Glycol solution), as shown in Fig 3.8, the CO
vibrational frequency on step site and terrace site have been shifted to higher frequency
around 2053cm-1 and 2113cm-1. If shifting frequency 24 cm-1 or 2113cm-1 to higher
frequency by changing the local environment, the CO vibrational frequency should not
resonant with combination band. The detected CO vibrational relaxation rates should
much differ with the non-shifting CO. However, the real experimental results are shown
in Fig 3.9 (A) and (B). The vibrational relaxation rates of both step site and terrace site
are sharing the same fitting curves.

Figure 3.8 FTIR of 2nm Pt NP coated with CO sample. Black:in chamber; Blue:in
solution
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3.2.2.2. Adding Pt-Pt Lattice Phonons
If the vibrational energy of step and terrace site CO resonant with combination
band composed by Pt-Pt lattice phonons, more Pt-Pt lattice phonon could enhance the
average coupling strength between the combination band and CO stretch vibration
because of more acceptors. Thus adding phonon numbers could accelerate the vibrational
energy transfer from CO to phonons. In this experimental design, phonon number is
added by enlarge Pt nanoparticle size. Typically, average size 2nm Pt nanoparticle
contains about 300 atoms. And the 10nm Pt nanoparticle contains more than 1000 Pt
atoms. Therefore, if tracking the vibrational relaxation of CO on 10 nm Pt nanoparticle,
the rate should be much faster than CO relaxation on 2nm Pt sample. However, it is not
make agreement with the real experimental results. As shown in Fig 3.9 C, CO relaxation
rates on both 2nm and 10nm Pt nanoparticle terrace sites share with the same fitting
curve as 1/2.2 ps-1. The same experimental trend is also shown at terrace site with
identical rate 1/5.5ps-1 at both 2nm and 10 nm Pt nanoparticle samples (Fig 3.9D).
3.2.2.3. Simultaneously Adding Pt-Pt Phonons and Shifting CO Frequency
To make sure the two above control experiments are not single standing cases, the
next sample is to combine the two situations together. This sample is CO on 5nm Pt
nanoparticle coated with PVP. C≡O vibrational frequency of step site is around 2060cm-1
on this sample. The vibrational relaxation rate of this step site CO on this sample is
consistent with 2nm and 10nm Pt sample without coated PVP. The results are shown in
Fig 3.10 A. The size independent vibrational relaxation of CO is also shown at terrace
site in Fig 3.10B.
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Figure 3.9 The vibrational relaxation curves of CO stretch 1st excited state of CO
molecules on (A)2nm and 10nm PtNP step sites; (B) 2nm and 10nm PtNP terrace
sites;(C)2nm PtNP with or without EG at step site; (B) 2nm PtNP with or without EG at
terrace site sites at room temperature. Normalized ΔO.D.is the vibrational population.
Dots are data, and lines are single exponential fits.
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Figure 3.10 The vibrational relaxation curves of CO stretch 1st excited state of CO
molecules on (A)2nm, 5nm and 10nm Pt NP step sites; (B) 2nm,5nm and 10nm Pt NP
terrace sites

3.3. Distinct CO Vibrational Relaxations of Semi Conductive
and Metallic Nanoparticles

Figure 3.11 The waiting time dependent CO stretch 0-1 (red) and 1-2 (blue) transition
signals of CO molecules on the step site of (A) 1nm Pt particles, (B) 2nm Pt particles, (C)
5nm Pt nanoparticles, and (D) 10nm Pt nanoparticles after these molecules are excited to
the CO stretch 1st excited state.
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Fig. 3.11 displays the waiting time dependent CO stretch 0-1 (red) and 1-2
transition (blue) signals of CO molecules on the step site of (A) 1nm Pt particles, (B)
2nm Pt particles, (C) 5nm Pt nanoparticles, and (D) 10nm Pt nanoparticles after these
molecules are excited to the CO stretch 1st excited state. On the surface of 1nm Pt
nanoparticles, Fig. 3.11A shows that after 20ps, both 0-1 and 1-2 transition signals still
remain more than 60% of the intensity at time zero. However, on the surfaces of larger
particles (2nm, 5nm and 10 nm), the signals decay much faster. As displayed in
Fig.3.11B~D, more than 80% of the signal is gone within 4ps. The results show that the
CO stretch 1st excited state population relaxes much faster on the surfaces of larger
nanoparticles. From Fig.3.11B~D, we can also see that the 0-1 transition signals last
slightly longer than the 1-2 transition signals. The observations have a similar molecular
origin as previously observed vibrational relaxation-induced bleaching in liquids and
solids(27, 28): the fast vibrational relaxations of the CO stretch generate heat, and the
heat increases the particle surface temperature which produces a relatively large signal
bleaching at a frequency slightly higher than the 0-1 transition frequency. The
explanation is shown in next chapter.
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Figure 3.12 The vibrational relaxation curves of CO stretch 1st excited state of CO
molecules on (A)1nm, 2nm 5nm and 10nm Pt NP step sites; (B) 1nm,2nm 5nm and 10nm
Pt NP bridge sites.

Quantitative analyses (Fig.3.12A) on the data show that the CO stretch 1st excited
state vibrational energy decays with a bi exponential decay time constant of 50±10ps
(slow component) on the atop sites (I) of the 1nm particle. Fast component is contributed
by the DMF solvent. By contrast, the decays are more than 20 times faster on the step
atop sites (I) of the 2-10nm particles. The decay time constants, 2.2±0.2ps, are identical
for the three particles. The same trends are shown on bridge site. As shown in Fig 3.12B,
the single exponential time decay constant of 1nm Pt NP at CO bridge site is around
45ps. And vibrational relaxation time constant of the bridge sites CO on 2nm and 5nm
show at ~1.8ps. Clearly, the huge disparity in the rates indicates distinctive energy
dissipation pathways for the two groups. Recent work(6, 29) suggests that the metal
nanoparticle electronic properties are dictated by the number of metal atoms – the particle
size. Among the four Pt particles, the 1nm particle (H2[Pt3(CO)3(μ2-CO)3]5) is determined
to be a semiconductor with a HOMO-LUMO energy gap of ~1.7eV(30, 31). This energy
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splitting is considerably larger than the vibrational energy 0.25eV of the C-O stretch 0-1
transition, and thus the CO stretch vibrational energy cannot excite the Pt electrons from
HOMO to LUMO. Therefore, the CO vibrational energy can only transfer to other forms
of vibration, phonons or the bridge site C-O stretch with different energy (see next
chapter). In this situation, vibration/vibration still dominate the energy dissipation way.
However, the larger particles (2nm, 5nm and 10nm) are considered as metal. They exhibit
a continuum of electronic states. As a result, the conduction electrons on these metallic Pt
nanoparticle surfaces can be excited from just below to just above the Fermi level
(electron-hole pair transition) through resonance energy transfer from the CO stretch
vibrational excitation(32). In such an energy transfer pathway, no extra energy is required
to make up the energy mismatch between the donor CO vibration and the accepter
electrons. Therefore, the acceptor lacking an energy gap—the surface electron—would
finish first among the competing dissipation pathways on the metallic nanoparticle
surface, producing vibrational relaxation decay one order faster than the
vibrational/vibrational coupling on the surface of semi-conductive particle.

3.4. Surface Electron/Vibration Coupling
Now only one mechanism remains for the fast CO vibrational relaxations on Pt
particle surface-the vibrational energy is converted into the motions of surface electrons,
showing the strong evidence of BOA breakdown. Theoretical studies have suggested that
the surface electrons of a metal can enter the 2π* antibonding orbitals of the CO
molecules, resulting in a strong non-adiabatic electron/vibration coupling.(33) (34)The

74

strong interaction between nuclear and electronic motions can lead to a fast vibrational
energy flow from the CO stretch into electron-hole pairs of the metal surface. The early
theoretical work by Persson(32) estimated the CO stretch 1st excited state relaxation time
constant through the electron-hole pair damping mechanism for CO molecules on a
copper surface is only a few picoseconds, similar to those observed in this work.
Here, we also employed the Newns Anderson Model to describe the electron
/vibration coupling on Pt NP surface. The procedure is same as Perrson’s paper (32).
According to the Newns-Anderson-model, for a given displacement d, the
Hamiltonian can be written as:


H ε a ( d ) a + a + ∑ ε k ck+ ck +  ∑ Vak ( d ) a + ck + .c.  + ωb + b
=
k
 k


Equation 3.1

ε a (d ) is the CO LOMO energy for given displacement d, ε k is the energy for noncoupled electrons in Pt NP, Vak (d ) is the hybridization strength between the CO
molecular orbital and atomic orbital in Pt NP, a + is the creation operator for electron on
the molecular orbital while ck+ is the creation operator for electrons in Pt NP, b + is the
creation operator for the vibrational motion of CO.
Assuming the vibrating amplitude of the molecular to be small, we can expand
the ε a (d ) and Vak (d ) to the first order:
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ε a (d ) ≈ ε 0 + ε a' d
a

Vak ( d ) ≈ Vak0 + Vak' d

The displacement d can also be rewritten as:

d
=

2
( b+ + b=) d0 ( b+ + b )
m*ω

Insert above equations into equation 3.1, we get:

(

))



H = (ε a0 + ε a' d 0 ( b + + b ) )a + a + ∑ ε k ck+ ck +  ∑ Vak0 + Vak' d 0 ( b + + b ) a + ck + .c. + ωb + b 
k
 k


)

(

(

)

(

( (

)

)

H = ε a0 a + a + ∑ ε k ck+ ck + ∑ Vak0 ( a + ck + .c.) + ε a' d 0 ( b + + b ) a + a + ∑ Vak' d 0 ( b + + b ) a + ck + .c. + ωb + b
k

k

k

Equation 3.2

For simplicity, let Vak' = 0 , the Hamiltonian become:

(

)

H = ε a0 a + a + ∑ ε k ck+ ck + ∑ Vak0 ( a + ck + .c.) + ωb + b + ε a' d 0 ( b + + b ) a + a
k

k

H
= H0 + H '

Equation 3.3

Where H 0 = ε 0 a + a + ∑ ε k ck+ ck + ∑ Vak0 ( a + ck + .c.) + ωb +b =
and H ' ε a' ( d0 ( b + + b ) ) a + a .
a

k

k

Assume the Hamiltonian can be diagonalized into the following form:
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=
H0

∑ε c c
j

+
j

j

+ ω b + b

j

Equation 3.4

The original operator can be expressed into:
+
a = ∑ j a c j and a = a 0

j

Then the interaction part could be expressed into:

(

H ' ε a' d 0 ( b + + b )
=

)∑ a

j k a c +j ck

j ,k

Equation 3.5

According to the time dependent perturbation theory (Fermi Golden rule), the
decay process from
n=1 to n=0 can be modeled as:
1
=

t

=
=
=


2π

2π

j, n
∑=

(

0 H' =
k , n 1 δ ( ε j − ε k − ω ) f ( ε k ) 1 − f ( ε j )
2

j ,k

2

∑
j ,k

j

∑

a m n a cm+ cn k

n= 0 ( b + + b ) n= 1

2

)

(ε d ) δ (ε
'
a

2

0

j

(

− ε k − ω ) f ( ε k ) 1 − f ( ε j )

m,n

2
 '
ε a d 0 ) ∑∑ δ m, jδ n ,k a m
(
2π
j ,k m,n
2
 '
(ε a d0 ) ∑ a j
2π
j ,k

2

2

na

2

(

δ ( ε j − ε k − ω ) f ( ε k ) 1 − f ( ε j )

(

k a δ ( ε j − ε k − ω ) f ( ε k ) 1 − f ( ε j )
2

)

)

The two terms in the above expression can be rewritten as following:

)
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r=
a (ε + ω )

∑

a j

2

δ ( ε − ε j − ω )

j

r a (ε )
=

∑

ka

2

δ (ε − ε a )

k

The evaluation of term
1
=

t

(

2
 '
ε a d 0 ) ∫ d εr a (ε ) r a (ε + ω ) f ( ε k ) 1 − f ( ε j )
(
2π

)

Equation 3.6

The final rate should be expressed as following:

1

τ

= 2πω (δ na )

2

1
− ω

1 − e kT

Equation 3.7

where, t is the vibrational relaxation time constant. ω is the angular frequency
of the vibrational mode coupled to surface electrons. T is temperature, and k is the
Boltzmann constant. δ na is the fluctuation of the number of electrons in the orbital of the
absorbate which the surface electrons enter during one vibration. For CO molecules on Pt
surface, the orbitals associated with δ na is the 2π* antibonding orbitals.(32, 35). In the
equation, both ω and δ na are temperature independent. The temperature dependent term
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1
1− e

− ω
kT

is also a constant for ω  kT . In the system studied in this work, the CO

stretch vibrational frequencies of all four CO molecules are higher than 1800 cm-1. At

1
1
=
≅ 1 . Therefore, the equation predicts
room temperature or lower,
− ω
−4
1
1.2
10
−
×
1 − e kT
that vibrational relaxations of the CO molecules on the 2nm Pt particles induced by the
surface electron/vibration coupling must be temperature independent at room temperature
or below. This is consistent with our experimental observation (uncertainty ~10%) shown
in Fig.3.3&3.7.

3.5. Site Dependent and Distance Dependent

Figure 3.13 The vibrational relaxation curves of CO stretch 1st excited state of CO
molecules on the terrace, step, bridge, and hollow sites of the 2nm Pt particles at room
temperature. Dots are data, and lines are single exponential fits.
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As shown in Fig.3.13, we also measured the vibrational relaxations of CO stretch
1st excited state on the terrace sites (2100 cm-1), bridge sites (1860 cm-1), and hollow sites
(1820 cm-1), besides the step sites (2030 cm-1, Fig.3.3). It is obvious that the relaxations
rates on different sites follow the order: terrace sites < step sites < bridge sites ≤ hollow
sites. Analyses with single exponential decays show that for molecules on the terrace
sites, the relaxation time constant is 5.5 ± 0.6 ps , 2.1 ± 0.2 ps for molecules on the step
sites, 1.9 ± 0.2 ps for molecules on the bridge sites, and 1.7 ± 0.2 ps for molecules on the
hollow sites.
All the CO vibrational relaxations on metallic Pt nanoparticles are at the same
order timescale, significantly faster than that on the surface of 1nm particle. This is the
natural result of the electron/vibrational coupling, as the presence of conduction electrons
is all over the metallic particle surface. However, close examination on the rates reveals
different manners of binding on the surface sites present a disparity in vibrational energy
decays. The energy dissipation is faster on the bridge and hollow sites than atop sites, and
it is faster on the step atop site than the terrace atop site. The experimental results are
anticipated by previous theoretical results: theory(32) states that the electron/vibrational
coupling is determined not only by the available electronic density but also by the
coupling strength between the surface electrons and the chemical bond that vibrates: a
closer electron/bond distance results in a stronger coupling and therefore a faster
vibrational decay, and calculations (36-38) suggest that the molecular distance between
CO and Pt surface is shorted on the bridge site (1.3Å ) than the atop site (2.0Å). The
observed surface site dependent energy dissipation is also consistent with the longstanding believe that molecules on the step sites have a stronger interaction than those on
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the terrace sites because reactions are typically much faster on the step sites than on the
terrace sites. (12, 39)
To confirm the distance dependent properties, the vibrational mode CN with two
defined distances are shown in Fig 3.14A. The distance between CN and purely Pt (111)
surface is reported as around 1.8Å.(33) The reported vibrational relaxation of CN on this
condition is around 3-6ps.(40, 41) 2nm Pt CO sample is coated with KS13C15N.
Employing centrifugation to the sample 2 times could remove excess KS13C15N. Then the
sample was transferred to the CaF2 window with the open air condition. The sample was
shared by intense IR light overnight to oxide CO. The measured CN 0-1 vibrational
relaxation time constant is ~14ps, shown in Fig. 3.14B. Combined two distance
dependence experiments, the results indicated that closer distance could bring more
chances for electron coupling with surface chemical bond.

Figure 3.14(A) Demonstration of two conditions of CN vibrational modes. (B) 0-1
state vibrational population relaxation of two CN modes.
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3.6. Metal Properties Dependent
On the Pt metallic nanoparticle surface, vibrational relaxation damping by
electron hole pairs (EHP) is suggested as the direct way to demonstrate the breakdown of
the Born-Oppenheimer approximation(34). The simple model for understanding the
electron/vibration coupling is the diatomic molecule CO binding on metals. In this case,
CO hybrids with Pt molecular orbital, interacting with Pt atoms by ‘back-bonding’. The
strong coupling between the M-CO bond and C-O motion is built up by the metal
electron flowing into the CO anti-bonding orbital. Thus, the CO triple bond stretch
motion would make the electron charge oscillating in and out of the anti-bonding orbital,
creating the excitation of metallic electrons, and damping the vibrational relaxation.
Therefore, the vibrational relaxation of CO would be recognized as direct electron
/vibration coupling(13, 34). This section is to verify whether the vibration/electron
coupling is general or not on other noble metal nanoparticle surfaces, such as Pd or Au.
3.6.1. CO Vibrational Relaxation on Pd Nanoparticles
This phenomenon is not just limited to Platinum nanoparticle. The investigation of
Pd nanoparticle was shown in Fig 3.15 A&B. Similarly with Platinum nanoparticle, CO
binding on 5nm palladium surface also has bridge sites (1931 cm-1), terrace site (2090cm1

) and step sites (2034cm-1)(42). The vibrational relaxation time constants are 1.9±0.4ps

(bridge sites), 6.0±0.8ps (terrace site) and 3.5±0.6ps (step sites). The 1nm Pd nanoparticle
is the Pd-Ag bimetallic structure. 7 Pd atoms are surrounding the surface of Ag44 core.
There is only one sharp peak at 2068 cm-1 as shown in FTIR spectrum (in chapter 2),
respecting C≡O step binding on Pd atom. As shown in Fig. 3.15A, the CO stretch 1st
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excited state vibrational energy decays of with a time constant of 67±15ps on this 1nm Pd
sample.

Figure 3.15 The vibrational relaxation curves of CO stretch 1st excited state of CO
molecules on the (A)step site of 1nm and 5nm Pd particles at room temperature. (B) step
(2034cm-1) and bridge(1931cm-1)Dots are data, and lines are single exponential fits.

3.6.2. CO Vibrational Relaxation on Au nanoparticles

CO binding on Au nanoparticle could not observe any bridge site. Even at step

site, the binding is extremely weak. The first investigated the CO vibrational relaxation
on 5nm nanoparticles. The FTIR has been shown in Chapter 2. The majority CO
chemisorbed on the 2100cm-1 site. In comparison with the free CO at 2143cm-1, binding
on metallic gold nanoparticle would shift to lower frequency(43), making agreement with
the spectroscopic results of gold nanoparticle on metal oxide supports(44). Fig.3.16
displays the decays of vibrational excitation signals of the CO stretch 1st excited state on
the 2100cm-1 site at 293 K. Analyses with single exponential decays show that the decay
time is 21±3ps. Then the gold particle size is decrease to ~2nm. As shown in chapter 2,
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the majority CO also bind on 2100 cm-1, showing the same metallic properties. The
pump-probe experiment measured the vibrational relaxation time of the 2100 cm-1 peak
also confirmed the metallic properties within the decay time 21ps, as shown in Fig.
3.16A. The results suggested that both the 2nm and 5nm particle showed the metallic
properties, the electron density on metal particle surface would be similar. The relaxation
rate measured here is much slower than the CO vibrational lifetime 1.6ps of DFT
calculation on Au (111) surface.(40)
Then by keeping the similar particle size distribution ~2nm and changing the
ligand from C12H25S to PVP (Poly (N-vinyl-2-pyrrolidone)). The FTIR measurement
showed that the main peak was shifted from 2100cm-1 to low frequency 2060cm-1. It was
also obtained that the vibrational relaxation rate is almost same than CO vibration on 2nm
thiol capped gold naonparticle as shown in Fig 3.16B. Furthermore, we also investigated
the temperature independent properties of CO vibrational relaxation for the PVP sample.
As shown in Fig 3.16C, temperature low down from 293K to 80K, the relaxation rate
under each temperature is almost constant.
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Figure 3.16 The vibrational relaxation curves of CO stretch 1st excited state of CO
molecules on (A)2nm and 5nm Au NP 2100cm-1 sites at room temperature; (B) 2nm Au
NP coated with C12H25S and 2nm AuNP coated with PVP;(C) 2nm Au NP coated with
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PVP at different temperature. Dots are data, and lines are single exponential fits. The
normalized PP signal is same the vibrational population.

Figure 3.17 Vibrational relaxation of CO on Au nanoparticles (A) CO on 1nm and 2nm
samples (B) CO on 1nm (Au25(-)) at 2060cm-1 under different temperatures (C) CO on
1nm AuNP (Au25(-)) with different ligands.

The control experiment is performed on semi conductive 1nm Au NP. The major
component of 1nm AuNP is the Au25 with energy gap around 1.3eV(45). CO only has
one binding frequency on this sample at 2060 cm-1. As shown in Fig. 3.17A&B, the first
excited CO relaxation rate is shown in as 1/75±10ps-1 from 293K to 80K. The result
includes two sides of information: (i) the rate is nearly 3-4 times slow than the metallic
nanoparticle surface; (ii) the rate is almost constant from 293K to 80K. It is interesting
that one sides of the result suggested not many free electrons on Au25 cluster surface to
damp the atomic motion of CO as 2nm particle. Then, the other side-temperature
independent properties indicated that it might not be the phonon- assisted surface
damping pathway of the vibrational relaxation of excited CO. Furthermore, to exclude the
vibratioanal pathway from CO to the ligand surface, we also did the control experiment
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using another ligand-captopiol to instead of C12H25S, as shown in Fig. 3.17C, it is clear
that the rate was not affected by changing different ligands.
It needs to be claim that electronic excitation induced vibrational relaxation
must be temperature independent according to section 3.3-3.4 and Persson’s equation
(32). However, the vibrational relaxation temperature independent property could not
exactly attribute to electron/vibration coupling. On the complicated semi conductive
metal nanoparticle surfaces, it needs organic ligands to protect aggregation of metal
atoms to form certain small size nanoparticles. Therefore, in this book, the three ~1nm
semi conductive small nanoparticle samples are coated with different organic ligands.
The 1nm Pt NP sample is Pt15 surrounding with DMF solvent. The 1nm Pd NP sample is
Ag44Pd7 coated with 30 -SC6H4COOH. The 1nm Au NP sample is Au25 coated with 18
SC12H25. Consequently, there are many vibrational modes could be as acceptors to damp
vibrational energy from CO. The coupling strength is not be changed by temperature
(phonon density). As shown in Fig 3.18A&B, the temperature independent experiments
of CO relaxation are presents on 1 nm Pt and Pd samples surfaces.

Figure 3.18 Vibrational relaxation of CO on different temperatures (A) CO on 1 nm Pt
nanoparticles in DMF solution (B) CO on 1nm Pd nanoparticle.
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3.6.3. Vibration Mode Hybridized of Electron d-bands

Figure 3.19 Vibrational relaxation of CO on different metallic particle. Black: 5nm Pd
NP step site;Red: 2nm Au NP; Green: 2nm Pt NP terrace site.

The interesting observation is that the CO relaxation rate on gold surface was
much slower than the rate on platinum nanoparticle surface, as shown in Fig. 3.19. It was
general accepted that the coupling of CO molecular orbital level to both metal sp states
and the d states could be described by the electron donation from the CO 5σ to the metal
and back donation from the metal to the CO 2π*(43). The chemisoption energy difference
of CO contributed by d hybrid between the Au(111) and Pt(111) was reported as near
1.5eV(46). And the energy difference between Pd(111) and Pt(111) is quite small
(0.2eV). Therefore, it has been known that metal d-electron should be effect on the
interaction between CO and metal. Furthermore, rewriting the coupling rate equation(32),
the vibrational relaxation rate was associated with the project of density of states, as
shown in the following:
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2
1
2
= 2=
πω (δ n ) 2πω ( r a ( ε F ) δε a )

t

Equation 3.8

In this formula, ω is the frequency of the vibrational CO stretch mode, ρa(εF) is
the projected density of states, and δεa is the fluctuation in the position of the resonance
during the vibration. The symbol n is the fluctuation in the number of electrons in the
orbital |a> during the vibration. The different vibrational relaxation rate for CO on AuNP,
Pd NP and Pt NP should just be consistent with the disparity of the projected density of
states at the Fermi level. Philippe Guyot-Sionnest group also explained that the role of
the metal d-bands play on the projected density of states at the Fermi level(41).
Therefore, the extent of the hybridization of d-bands with the CO orbital should be a
significant factor to determine the electron/vibration coupling rate.

3.7. Vibrational Population Oscillating on Bridge Sites of Metal
Nanoparticle Surfaces
In this section, I will introduce unclear explanation of oscillating excited
vibrational population on Pt nanoparticle surface bridge site. This kind of oscillating
signal would bring some extent uncertainty of the vibrational relaxation rates of CO on
bridge site. As discussed in section 3.2, the step site CO vibrational population should not
be contributed to the CO migration. The diffusion barrier between step site and terrace
site is around 0.5eV (47), barrier from top to bridge is around 1731cm-1, barrier from
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bridge to top is around 847cm-1(48), and barrier from hollow to bridge is around 330 cm1

(49). So, only possible CO migration is from hollow site to the bridge site. According to

Arrhenius equation, the possible rate of CO migration from hollow to bridge is range
from 1/10ps-1 to 1/20ps-1 in room temperature. Thus, it will create 10%~20% excited CO
on hollow site jumping to the bridge site. If surface temperature is higher than room
temperature induced by vibrational relaxation or IR absorption, the possibility of jumping
also could increase. The following is the experimental results and the possible
explanation of the CO jumping induced by vibrational relaxation.
As shown in Fig. 3.20A, the central frequency of the broad band is 1830 cm-1. If
the pump frequency is setup as 1830 cm-1 with the bandwidth 20~30cm-1, probing hollow
site ~1815cm-1 could obtain the single exponential decay as ~1.7ps time constant. Keep
same pumping frequency, the 1835cm-1 probe signal is shown as oscillating curve with
the second maximum intensity at around 2ps and the third around 6ps. If the probe
frequency is shifted to bridge site (~1855cm-1), the pump-probe signal is showing as Fig
3.20C, the maximum signal is around 2ps and slower decay curve. If stimulated a signal
exponential decay time constant as 1.6ps, shown in Fig 3.21A, the subtract curve with the
black curve and red curve is obtained in Fig 3.21A (Blue curve). This curve suggests that
there must be some distinctive mechanism to understand vibrational relaxation. If probing
all the bridge area simultaneously with pumping 1830cm-1 (Fig 3.21B) or 1860 cm-1(Fig
3.21C), it is clearly that the 1830 cm-1 decreasing and growing up twice (pumping
1830cm-1) or just once (pumping 1860cm-1). Scanning 2DIR on the bridge sites could
also make agreement with the pump probe data, as shown in Fig. 3.22. At 0ps panel,
there are three red peak pairs respecting three different CO binding formations at
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1815cm-1 1835cm-1 and 1860cm-1. The middle one 1835 cm-1 vanishes on the 0.5ps
panels and reappears at 1.5ps panel. At longer waiting time 5.5ps, there is only one
intense red peak around 1835 cm-1 shown in Fig. 3.22.
Understanding this oscillating curve first requires the clarification of the
assignment of the three peaks at ~1815cm-1(A), ~1830cm-1(B) and ~1860cm-1(C). As I
introduced in chapter 2, the peaks of 1815cm-1 and 1860 cm-1 are assigned as CO
frequency at hollow site and bridge site on terrace, according to the Linear IR surface
science paper(49). The obstacle is the assignment of 1830 cm-1. There is no clear DFT
calculation or IR absorption experiment to define the assignment of 1830 cm-1. The
sample here is Pt 2nm nanoparticle. It contains ~50% step atoms on surface. Therefore,
the situation is much complicated than that on clean Pt surface. Therefore, the 1830 cm-1
might be the CO molecules inserting into the site between one terrace atom and one step
atom or inserting the site between two step atoms. I define this binding formation as “step
bridge CO”. Thus, oscillating curve can be recognized as the excited CO jumping from
hollow site to the bridge site and the step bridge site.
The proposed mechanism is here. Our setup pump beam has 20-30 cm-1
bandwidth. It could excite CO on 1815 cm-1, 1830 cm-1 and 1855 cm-1 site at the same
time. The vibrational energy of CO at 1830 cm-1 is down to electrons within 1.6ps and
then quickly converts to phonon energy (the detail discussion is introduced in next
chapter). The surface temperature is elevated to overcome the energy gap between hollow
site and bridge site (330cm-1). Thus, part of excited CO molecules of 1815 cm-1 can jump
from hollow site to the bridge site. So, it is clear that at 2ps in Fig 3.20C, the bridge site
CO has maximum intensity at ~2.5ps. The CO molecules at 1815 cm-1 and 1860 cm-1 also
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could surmount the energy barrier between hollow site and step bridge site and between
bridge site and step bridge site to shift to 1830 cm-1. (Here, I could not offer the energy
barrier values). Thus, the step bridge site CO reaches the second maximum intensity at
2.5ps around. Then at this time point, some excited CO still on bridge site. These
molecules also could jump to the 1830 cm-1 site. Therefore, at around ~6ps, the third
maximum intensity appears at 1830cm-1. Then surface temperature should slowly go back
to room temperature. These molecules would migrate back slowly to their original sites
and wait for next excitation after 1ms. This mechanism would bring 10~20% uncertainly
to use the hollow site vibrational relaxation to be electron/vibration coupling. This above
mechanism is just my explanation with existing pump probe data. More careful control
experiments and molecular dynamics need to be followed up to understand the CO
jumping phenomena.

Figure 3.20 CO on Pt 2nm NP bridge site (A)FTIR (B)Pump probe data of pumping
1830cm-1 probing 1835cm-1 and 1815cm-1(C) Pump probe data of pumping 1830cm-1
probing 1835cm-1 and 1855cm-1.
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Figure 3.21 CO on Pt 2nm NP bridge site (A)Pump probe data of pumping 1830cm-1
probing 1835cm-1 .(B) Probe spectrum data of pumping 1830cm-1 probing bridge sites
with different waiting time delay. (C) Probe spectrum data of pumping 1860cm-1 probing
bridge sites with different waiting time delay.

Figure 3.22 2D IR of CO on 2nm Pt NP bridge site at different waiting time.

3.8. Concluding Remarks
The relaxation dynamics of the excitation of CO stretch first excited state of carbon
monoxide (CO) molecules on four different surface sites of ~1nm, ~2nm, ~5nm and
~10nm Pt nanoparticles, 1nm and 5nm Pd nanoparticles, 1nm, 2nm and 5nm Au
nanoparticles were investigated at various temperatures from 80K to 293K with ultrafast
nonlinear infrared spectroscopic techniques. Experimental results show that the
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vibrational relaxation dynamics at different surface sites are different: the relaxation time
is 5.5±0.6 ps on the terrace sites, 2.1±0.2 ps on the step sites, 1.9~1.6 ps on the bridge
and hollow sites on metallic Pt nanoparticles. A faster relaxation corresponds to a
stronger CO molecule/Pt nanoparticle interaction. CO on Pd nanoparticle has similar
ultrafast dynamics with CO on Pt nanoparticle. Vibrational relaxation of CO on Au
metallic nanoparticle is much slower than CO on Pt and Pd metallic nanoparticles.
Control experiments and calculations indicate that the fast vibrational relaxations of these
surface CO molecules are dominantly induced by the surface electron/vibration coupling.
This strong coupling is temperature independent, metallic particle size independent,
binding site dependent and metal nature dependent. This discovery is strongly
challenging the fundamental theory tool-Bonn Oppenheimer Approximation. This
approximation should be breakdown on metallic nanoparticle surface and valid on semi
conductive nanoparticle surface. The experimental results can also help us partially
understand the catalytic mechanism of metal nanoparticles. For example, reactions are
typically faster at step sites than at terrace sites. It is probably not only the stronger
interaction between surface molecules and the step sites, but also the faster dissipation of
reaction energy on the step sites which can be more than two times faster than that on the
terrace site so that the local reaction center can cool down faster to avoid the backward
reaction. This findings could be potentially applied to the investigations of any
monolayer molecule involved chemical event, including fuel cells, molecular electronics,
corrosion protection, and other industrial heterogeneous catalysis.
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Chapter 4

Vibrational Energy Transfer of
Absorbates on Noble Metal
Nanoparticles Surfaces

Vibrational energy transfer is a critical step of molecular reaction dynamics(1).
On metal nanoparticle surfaces, when a molecular bond is broken, formed, or changed
into other conformations, a large part of the energy involved in the processes inevitably
comes from or converts into vibrational energy. This dynamics of elementary surface
processes is of central importance for a microscopic understanding of catalysis chemical
reactions at solid surfaces. Despite their importance, the systematic studies regarding the
energy pathway from absorbate high frequency vibrational mode (surface chemical bond)
to low energy surface modes (phonons) are scarcity. Whether the vibrational energy
transfer is mediated by the electronic excitation is critical to understand the energy
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dissipation scheme on metal nanoparticle surfaces. Therefore, ultimate control of the
chemical reactions on metal nanoparticle surfaces requires understanding the vibrational
energy transfer processes at the molecular level. In this chapter, I will introduce the
vibrational energy transfer of chemical bonds on the metallic and semi conductive
nanoparticle surfaces. This chapter will show the comparison between the two kinds of
nanoparticles. At the final section of this chapter, I will present the vibrational energy
dissipation scheme on the metal nanoparticle surfaces.

4.1. Vibrational Energy Exchange on Semi Conductive
Nanoparticle Surface
In this section, I will introduce the non-resonance energy exchange between
different sites CO on 1nm Pt nanoparticle surfaces to clarify whether the vibrational
energy relaxation accompany with electronic excitation on this sample. As shown in Fig
4.1, the CO binds on Pt 1 nm sample ([Pt3(CO)3(μ2-CO)3]52−) would form two formations
with two different frequencies: atop site: 2046cm-1 and bridge site 1860 cm-1. The
chemical structure of this 1nm Pt nanoparticle is well defined. The repeat unit builds up
the entire structure by adding one layer on the top of another layer, shown in Fig 4.1. The
energy transfer could occur from atop site CO to the bridge site CO as non-resonance
energy transfer manner because of the energy mismatch as 186 cm-1. The vibrational
energy also could transfer from CO on atop site to another atop CO in the up/down layer.
Because of no energy mismatch, it called resonance energy transfer. If no electronic
mediation,

the

energy

transfer

would

follow

the

dipole-dipole

interaction
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(vibration/vibration) coupling rule. If it is mediated by surface electron, it would have
distinctive energy transfer rates.

Figure 4.1 CO molecules bind with 1 nm Pt nanoparticle sample.
(Purple:Pt,Gray:C;Red:O)

The vibrational energy exchange method is demonstrated in Fig.4.2 for Pt15
sample in DMF solution. In the solution, each Pt15 molecule should be separated by DMF
solution because of the low concentration (30μM). Vibrational energy transfer only
occurs in each single molecule. No Pt15 and Pt15 could interact with each other.
Therefore, the CO vibrational modes on Pt15 surface can exchange vibrational energy
much more efficiently than between two Pt15 molecules because the energy transfer rate
is inversely proportional to the sixth power of the donor/acceptor distance under the
general assumption of dipole/dipole interaction.(2) The energy exchange between atop
CO and bridge CO on the 1nm Pt15 produces off-diagonal peak pairs (Peaks 3&4) in the
2D IR spectra, e.g. the 50ps panel in Fig 4.2. At waiting time Tw=0ps, energy exchange
has not occurred. Only two diagonal pairs of peaks show up in the 2D IR spectrum (0ps
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panel in Fig.4.2). Peaks 1is from atop CO, and Peaks 2 is from bridge CO. With the
increase of delay time after vibrational excitations of both sites of CO, vibrational energy
begins to exchange between atop site CO and bridge CO, and the energy exchange
induced off-diagonal peak pairs begin to appear on the off-diagonal positions (5ps panel).
After a long waiting time, Tw = 50 ps, vibrational energy has exchanged to a substantial
degree so that the off-diagonal peak pairs are salient. Because the off-diagonal peaks are
from the energy exchange rates between two sites CO, simultaneous analyses on the time
evolutions of both diagonal and off-diagonal peaks provide energy exchange rates on
semi conductive nanoparticle.

Figure 4.2 2DIR of Pt15 cluster at 0ps 5ps and 50ps. Blue peaks are not shown for better
illustration.

In our experiments, different Pt15 molecules could not exchange energy. It’s
also assumed that the bridge site CO-Pt bond would not be broken by 2 hours
experimental measurement. Based on the physical picture, a kinetic model was
constructed to quantitatively analyze the experiments. As shown in Fig 4.3, the
vibrational excitations of all species decay with their own lifetimes. Atop CO and bridge
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CO can exchange their vibrational excitations at room temperature. The mechanism has
been shown in chapter 2. The dynamic process follows below:
K

K

CO Brdige
CO Atop
→ CO* Atop  
←
 CO* Bridge  ←
→



K Bridge→ Atop

*

*

K Atop→Bridge

Figure 4.3 Energy exchange scheme of CO molecules on 1nm Pt sample

dCO* Bridge
dt

=
−( K CO*

Bridige

+ K Bridge→ Atop ) CO* Brdige  + K Atop → Bridge CO* Atop 

Equation 4.1

dCO* Atop
dt

=
−( K Atop → Bridge + K CO* ) CO*atop  + K Bridge→ Atop CO* Bridge 
atop

Equation 4.2

The fitting parameter:

=
kCOAtop fast 1/10.6
=
(ps −1 ); kCOAtopslow 1/ 75.0
=
(ps −1 ); kCOBridge slow 1/ 42.0 (ps −1 );
kCOAtop →COBridge = 1/180(ps −1 ); D=0.4

with pre-factors of the subgroups and offset of the bi-exponential
=
ACOatop fast 0.46;
=
ACOatop slow 0.54;=
ACObridge fast 0.0;=
ACObridge slow 1.00;
=
offset 0 .
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Figure 4.4 Pump probe data of 1nm sample.(A)vibrational relaxation (B)Energy
exchange. Dots are experimental data, lines are fitting curve.

For the solutions, the ideal detailed balance of these two peaks is 0.4 due to the
energy mismatch of ~180 cm-1. If vibrational energy transfers from atop to bridge site in a
1:1 ratio, the detailed balance, D, should a constant. The cross peak intensity ratio would
follow the detailed balance. To do the energy transfer analysis, we both measured the
cross peaks. One cross peak located at the position when the pump was at atop site and
the probe was at the bridge site. The other cross peak pair from bridge to atop also has
been measured. As shown in Fig 4.4B, it is clear the data fitting the 0.4 ratio quite well.
The final energy transfer rate from atop to bridge site is approximate to ~1/(180±80) ps-1,
showing very slow dynamic process.
Here, let’s use our energy transfer equation to estimate our energy transfer
measurements. As shown in Fig. 4.5, the distance between two dipoles is ~3.58Å, and the
cross angle is about 60 degree. And, the two layer Pt-Pt atom distance is reported as
~3.03Å.

102

Figure 4.5 Atomic structure of 1nm Pt sample (A)Bottom view (B)Part of side view.

If simply assume the transition dipole as ~0.5D, coupling strength β could be
easily to be calculated as 7.1cm-1 around between atop and bridge CO, 30cm-1 between
atop CO and atop CO based on equation 4.3.
0.52 × ( 3.33 ×10−30 ) × 0.5
1 mm κ
10−2
β = 2 A D3 =
×
=
7.1cm −1
3
−34
8
4πε 0 n rDA
4π ×1.432 × 8.85 ×10−12 × ( 3.58 ×10−10 ) 6.63 ×10 × 3 × 10
2

Equation 4.3

In our group, we have using standard KSCN crystal to purpose the mode specific
energy transfer equation for both resonance and non-resonance cases. Using the mode
specific energy transfer equation 4.4(3) to calculate energy transfer rates:
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1
1
2
2
2
2
t
=
k DA =
7.1 t 2
β
−∆ω
2
−2
2
+
−
1
exp(
186
/
200)
186
( ∆ω ) + 4β + t
1 + e kT

Equation 4.4

Figure 4.6 Anisotropy of CO on Pt atop nanocluster (black); Anisotropy of CO on Pt
15
1-3
atop site（red）.

According to the 4.4 equation, the energy transfer rate from CO on atop to CO on
bridge determined by the energy mismatch (Δω), dephasing time (1/τ) and coupling
strength β. Energy mismatch (Δω) and coupling β have been calculated above. The
estimate dephasing time constant in solution is always around 2ps. Thus, if using
vibrational dipole-dipole coupling, the energy transfer rate from atop to bridge is
estimated around 1/(240ps). Therefore, the measured energy transfer rate from atop CO
to bridge CO could make agreement with calculated value. The results suggest that the
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vibrational energy transfer on semi conductive nanoparticle surfaces is based on the
vibration/vibration coupling. These results accompany with the chapter 3 (the slow
relaxation rates on atop and bridge sites CO) confirmed electronic excitation could not
mediated the high frequency chemical bond stretching to dissipate energy on semi
conductive nanoparticle surfaces.
In addition, let’s discuss some resonance case. The resonance energy transfer rate
from atop CO to another atop COs is determined by the anisotropy measurement as
shown in Fig. 4.6. The total anisotropy rate equals to the sum of the rotational time and
the resonance energy transfer rate. Thus, the total resonance energy transfer rate is
obtained as 1/1.7ps. As shown in Fig. 4.1, there are five atop COs standing in a line
sharing equal chance to be excited in this Pt15 sample. Thus, three COs in the middle
position could transfer energy to their two neighbors COs, and the two COs at terminal
position could only has one CO to transfer energy. The average 1-1 resonant donoraccepter energy transfer rate K could be calculated as 3/5×2×K+2/5× K =1/1.7ps-1. The K
value is obtained as ~1/2.72ps-1. The coupling between two atop CO is determined as 30
cm-1. This strong coupling would be at least similar even larger than dephasing rate.
Thus, the equation 4.4 might not be suitable for this case. The strong coupling case also
presents between surface CO and electron on metallic nanoparticle sample. It is difficult
to determine the dephasing time in different temperature. The argument of temperature
independent results in chapter 3 also suggested that dephasing rate might not be changed
too much by temperature.
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4.2. Vibrational Energy Transfer on Metallic Nanoparticle
Surfaces
In this section, I will introduce the process that how the vibrational energy
transfers to the excited phonon modes. The more depth understanding of ultrafast
dynamics of heat dissipation on metal nanoparticle surface is essential from both a
fundamental and a technological point of view. Previously, the phonon dynamics
detection was following short-pulse visible excitation of the metal electrons, for instance,
photodesorption and laser induced absorbates migration(4-8). In these experiments, an
ultrafast femtosecond laser (visible or near IR) beam excited the electrons at the metal
surface. Because of strong electron phonon coupling and the small electronic heat
capacity, metal surface temperature could rise up thousands of K to induce chemical
migration(6, 7).
The purpose of this section is to present a distinctive ultrafast heat generation by
vibrational excitation relaxation of high frequency vibration on metallic nanoparticle
surfaces. To achieve the aim, the two color pump probe setup is still employed. One
beam is narrow bandwidth IR pump beam that it is possible to create vibrational energy
of specific vibrational mode. The following beam with board bandwidth could cover all
the detected frequency from 1000cm-1 to 3200 cm-1. Thus, if one vibrational mode could
be excited, the subsequent pulse could track other vibrational modes behavior
corresponding to the specific mode excitation. According to chapter 3, the CO vibrational
relaxation would damp to make electronic excitation. Thus, the first question, how could
the surface electronic excitation change transition dipole of all vibrational modes?
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Second, if the vibrational excitation is far from surface, does this vibration excitation also
affect other vibrational modes on surface? Third, if the excited vibrational modes are on
surface and detected vibrational mode are far from surface, does this excitation also
significantly alter the detected vibrational modes? The following section would present
experimental results to answer these questions.
4.2.1. Heat Dissipation on the Metallic Nanoparticle Surface

Besides the direct monitoring C-O vibrational energy relaxation rates on metal

nanoparticle surfaces, we also directly tracked the vibrational energy transfer rates by
detecting excited vibrational acceptor intensity with employing two color pump probe
technique. As shown in Fig. 4.7(A) and (B) (0ps panel), direct exciting C-O stretch on
bridge site could generate one peak at the diagonal position. This peak was representing
the 1st excited C-O stretch at bridge site emission. At 0ps, pumping bridge site and
probing atop site would not show any more peaks on both semi conductive and metallic
nanoparticle samples. Surprisingly, within waiting time increasing to longer waiting time
such as Tw=5ps, another peak (bridge site C-O, atop/step site C-O) at cross-diagonal
position have been detected on both samples. Obviously, comparing the waiting time
panel of Fig. 4.7, the growing up cross peak intensity on metallic sample were one order
faster than that on semiconductor sample, also indicting distinctive vibrational energy
transfer mechanism.
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Figure 4.7(A)2DIR of C-O on a 1nm Pt nanoparticle at 0ps, 5ps and 50ps. C-O on the
bridge site is excited, C-O on the bridge site (closer) and C-O on the atop site (further)
are detected. (B)2DIR of C-O on a 5nm Pt nanoparticle at 0ps, 2ps and 5ps. C-O on the
bridge site is excited, C-O on the bridge site (closer) and C-O on the atop site (further)
are detected.

Figure 4.8(A)Temperature dependent FTIR of C-O on 5nm Pt nanoparticle. the
background temperature is 100K；(B)2DIR of C-O on 5nm PtNP at 0ps and 2ps (step
site and bridge site were normalized to 1, other sites were not normalized for better
illustration)
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As we mentioned above, vibrational energy would be one order faster dissipating
on metallic nanoparticle sample due to the electronic excitation. Thus, if two separated CO stretch modes located on Pt NP surface and IR light selectively excited C-O bridge
mode to the 1st excited state, the vibrational energy of C-O on bridge site would quickly
damp its energy to surface electron within time constant ~2ps as measured above. Then,
electron would immediately couple with surface thermo motion to generate “heat” and
increase the surface temperature. And the “heat” energy and higher temperature would
induce the C-O stretch at step sites to shift the absorption coefficient and frequency to
new positions(9). These changes will result in new bleaching peak generated in IR probe
axis spectra which could be detected by other frequency IR light as shown in as Fig 4.8.
The cross peak of metallic nanoparticle surface showing in Fig 4.8B (2ps panel) occupied
higher frequency positions at probe-axis than C-O step site absorption in room
temperature. Meanwhile, if sample temperature was elevated, the C-O step site
absorption was also shifting to lower frequency. The tunneling of spectrum showed one
bleaching peak, precisely fitting well with cross peak. Therefore, exciting bridge C-O and
rising up temperature had same effect on the spectrum of step C-O. Vibrational relaxation
of C-O would result in the elevation of surface temperature, causing the C-O spectrum to
shift to a lower frequency. This shifting is expected to resemble our control experiment,
the temperature dependent FITR. As shown in Fig. 4.8(A), the subtraction of two
different temperature spectrums also created a bleaching peak and an absorption peak,
consistent with the 2D IR of the 2ps panel, in Fig 4.8(B). However, because the 1-2
transition peak of (2060 cm-1, 2010 cm-1) is strong and the absorption intensity of the
bridge site C-O on a 5nm sample is extremely weak, the cross peak (2060 cm-1, 1880 cm-
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1

) overlaps and cancels out around the trail of the diagonal peak (2060cm-1, 2010cm-1).

Here, we defined “excited phonon density” as those thermal motions which include low
frequency phonon excitation (including molecular vibrations, rotations, and translations)
induced by the vibrational energy relaxation of C-O stretch.
Furthermore, we continuously investigated the ultrafast dynamic of this cross peak
with different waiting time. The measurement intensity of the cross peak on the 5nm
sample included both the background signal and the excited phonon density. This
background signal comes from two sources (i) scattered light initially exciting 2060 cm1

and (ii) IR pump light directly exciting an electronic excitation that is quickly coupled

with a phonon. To obtain the final signal, we also did the control experiment as shown in
Fig. 4.9. In this control experiment, the IR pump light was selectively frequency-tuned to
2220 cm-1, and had a similar frequency mismatch of 2060cm-1 and 1880 cm-1. The probe
frequency selected was the same frequency as the step site 2050-2100 cm-1 when using a
pump frequency of 1880 cm-1. Therefore, the signal comes from the cross peak
(ωpump=2220 cm-1, ωprobe=2066 cm-1) including the two background signals described
above. The excited phonon density can be obtained by subtracting the intensity of the
cross peak (ωpump=1880 cm-1, ωprobe=2066 cm-1) from that of the two background signals,
as shown in Fig 4.9 and 4.10. With monitoring cross peak intensity in real time, we could
precisely obtain the “excited phonon density” rising up rate and decay time.
The same experimental measurement is preformed to the 2nm Pt CO without any
PVP coated nanoparticles. As shown in Fig 4.10A, by pumping bridge site (1860cm-1)
probing 2030 cm-1, the cross peak dynamic has been recorded. With subtraction of the
background (black curve shown in Fig 4.10A), it is easily obtained the excited phonon
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population on 2nm Pt NP surfaces. In comparison with two curves shown in Fig 4.10C,
the rising up curves are identical, indicating the same mechanism on the two particles. As
shown in Fig. 4.10D, signal intensity of 5nm Pt CO sample cross peak increased very
fast with single exponential fitting the raising up curve to obtain the time constant about
~1ps. This value exactly makes agreement with Ertl et al proposed time constant(10). It
suggested that the excited phonon density or surface temperature was generated with fast
time constant. And the signal intensity would slowly relax with bi-exponential fitting
constant above ~100ps. Therefore, longer waiting time after, the “heat” was slowly
relaxed to local environments and surface temperature then went back to room
temperature. The fitting of the cross peak on the 5nm sample: obviously, the cross peak
including two processes: rising up curve and decay curve. By simultaneously fitting the
tri-exponential function was y=A1exp(-T/τ1)+ A2exp(-T/τ2)+ A3exp(-T/τ3). The calculated
parameters are listed below:
A1=-0.01, τ1=1.0ps-1, A2=0.0055, τ2=7.5ps-1, A3=0.0045, τ3=120ps-1, offset=0.

Figure 4.9(A) FTIR of 5nm Pt NP sample coated with PVP and CO. Two separated
arrows as pump beams present selectively pump 1880 cm-1 bridge site CO and
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background 2220 cm-1. (B) At waiting time equals to 5ps, pump-probe signal of separated
pump 1880 cm-1 or 2220 cm-1 probe 2060 cm-1.

Figure 4.10(A) Pump Probe data of 2nm Pt NP sample coated with CO. Two
separated data of probing step CO by selectively pump 1860 cm-1 bridge site CO and
background 2240 cm-1. (B) Pump Probe data of 5nm Pt NP sample coated with CO. Two
separated data of probing step CO by selectively pump 1880 cm-1 bridge site CO and
background 2220 cm-1. (C)Pump probe data of 2nm Pt NP CO pure surface and 5nm Pt
NP CO pvp data pumping bridge CO probing step CO.(D)Experimental data and fitting
curve of 5nm PtNP cross peak data by pump bridge CO probe step CO.

Let’s shortly compare with two curves in Fig 4.10C. Interestingly, the two curves
share same rising up rates and present different decay rates. Clearly, the 5 nm Pt NP
sample has more complicated vibrational modes because of larger size and PVP coating
than clean surface on 2nm Pt NP surfaces. The results indicated two reasons. (i)
Vibrational energy dissipated to surface electron excitation is universal on metallic
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nanoparticle surfaces. The rates are just determined by the electron/vibration coupling,
which is independent with the vibrational accepter numbers. This discovery is consistent
with the chapter 3. The two kinds of nanoparticle share the same vibrational relaxation
rate. (ii) Heat dissipation is determined by the local environment. In other words, if more
vibrational modes exist around the heat source, the heat dissipation is faster. So, it is
shown in Fig 4.10C heat dissipation on 5nm Pt NP coated with PVP decays faster than
2nm Pt NP.
As I mentioned above (the control experiment of cross peak generation), the
heat comes from two sources (i) vibrational energy relaxation damping to surface
electron (ii) IR pump light directly exciting an electronic excitation that is quickly
coupled with a phonon. The second source is much in evidence on larger size metallic
nanoparticle. If particle size is larger, more IR lights would be absorbed by the metallic
nanoparticle. This source creates phonons distributing all the IR frequencies ranges being
excited. Therefore, this signal exists on all signal peaks areas. Let’s discuss 10nm Pt
nanoparticle case.
As shown in Fig 4.11, at waiting time around 5ps, the center of CO step site 0-1
transition peak has shifted to higher frequency on all the metallic nanoparticle samples
(2nm, 5nm and 10nm). The marked red dashed line on 10nm Pt NP sample is from 2028
cm-1 to 2037 cm-1 on 5ps. If scan 2D IR of 10nm sample on step site CO, heat induced
bleaching signal is conspicuous. As shown in Fig 4.12, the 0ps panel has two apparent
peak pairs. The assignments are mentioned before. Peak (2030cm-1, 2030 cm-1) and peak
(2030cm-1, 1975cm-1) respect the step CO 0-1 and 1-2 transition absorption and
bleaching. Peak (2100cm-1, 2100 cm-1) and peak (2100cm-1, 2070cm-1) respect the terrace
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CO 0-1 and 1-2 transition absorption and bleaching. Compare with the intensities of step
site CO red peak and terrace site peak at 0ps and 3.5ps, it is clear that the terrace site
relaxation is much slower than the step site relaxation. This result is consistent with the
site dependent results reported at chapter 3. Heat induced all frequency bleaching is very
clear at 3.5ps panel. The cross peak (2030cm-1, 2100 cm-1) is generated by both sources,
including vibrational relaxation and IR beam induced heat generation. The mechanism is
same with the above cross peak generation. Other frequency detected signals are the
purely IR beam induced heat source generation. The yellow color background on the
3.5ps panel forms not a single cross peak but appears at all probe frequency.
This phenomenon is not just limited to the step and terrace site CO. Let’s see the
dynamic of the heat generation by pumping empty absorption and probing empty
absorption. On 10nm Pt NP sample coated with CO, there are no chemical absorption on
1700 cm-1 and 2000cm-1. It is quite difficult to obtain pumping 1700cm-1 probing
1700cm-1 because of larger scatter signal. As shown in Fig 4.13 (A), the pump probe
signal presents that two separated coupling mechanism. The rising up curve is the fast
electron/phonon coupling. The decay curve is the slow relaxation of heat dissipation. This
trend is consistent with the cross peak introduced on the 2nm and 5nm samples.
In the final part of this section, I will conclude the combination of both sources on
bridge sites. As shown in Fig 4.13 B, the central of pumping IR light is 1800cm-1 with
~20 cm-1 bandwidth. The frequency of CO should occupy the hollow site on the metal
nanoparticle terrace surface(11). At 0ps, the black curve is the 0-1 and 1-2 transition of
hollow site CO. However, the maximum peak shifts to bridge site at 2.5ps showing the
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red curve. At longer waiting time (100ps) , the signal vanished. Therefore, the total cross
peak signal (Fig 4.13 C red curve) should be the sum of the heat generated background
(Fig 4.13 C black curve) and the vibrational relaxation induced.

Figure 4.11Pump-probe experimental data of C≡O at atop/step sites on different
nanoparticle samples (A)1nm (B)2nm (C)5nm (D)10nm.

Figure 4.122D IR of 10nm sample on step site CO
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Figure 4.13 Pump probe data of 10 nm Pt nanoparticle (A) Pump probe dynamic data
of pumping 1700 cm-1 and probing 2000 cm-1 (both frequencis have no CO absorption)
(B)Spectrum at 0ps, 2.5ps and 100ps with pumping 1800cm-1. (C) Pump probe dynamic
data of pumping 1800cm-1 probing bridge site (1860cm-1) and background (1890cm-1).

In conclusion, the entail physical picture is summarized as the Fig 4.14. Two
separated CO stretch modes located on Pt NP surface (Fig 4.14A). Once IR light
selectively excited CO bridge mode to the 1st excited state (Fig 4.14B), the vibrational
energy of CO on bridge site would quickly damp its energy to surface electron within
time constant ~2ps as measured above (Fig 4.14C). Then, electron would immediately
couple with surface thermo motion to generate “heat” and increase the surface
temperature. And the “heat” energy and higher temperature would induce the CO stretch
at step sites to shift the absorption coefficient and frequency to new positions(9). These
changes will result in new bleaching and absorption in IR probe axis spectra which could
be detected by other frequency IR light showing as Fig 4.14D. Here, heat is defined as
those thermal motions which include low frequency phonon excitation (including
molecular vibrations, rotations, and translations) induced by the vibrational energy
relaxation of CO stretch. Therefore, with monitoring cross peak intensity in real time, we
could precisely obtain the “excited phonon density” rising up rate and decay time. The
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excited phonon density or surface temperature was generated with fast time constant
(~1ps). Longer waiting time after (Fig 4.14E), the “heat” was slowly relaxed to local
environments and surface temperature then went back to room temperature.
(B)

(A)

(E)

(D)

(C)

Pump

Probe

Probe

T=5ps

T=50ps

e-

Pt NP

Before
T=0

T=0ps

T=2ps

Figure 4.14 Proposed mechanism of high frequency vibrational energy dissipation to
phonon investigated by two color IR pump probe. A-E represents the phenomena within
different waiting time T, respectively.

4.2.2. Two Control Experiments

4.2.2.1. Pumping Surface Molecules Far from Surface
The control experiment to understand the mechanism is performed in 5nm Pt PVP

sample coated with CO (Fig 4.15 A). As shown in FTIR (Fig 4.15B), the 2920cm-1 and
2950 cm-1 have huge absorption of C-H stretch. As control experiment shown in Fig
4.15C, at background 2700 cm-1, there is no absorption around that frequency. Some IR
light could be absorbed by the metal nanoparticle to create heat generation with same
mechanism I proposed at section 4.2.1. Once the pumping light was settled on the C-H
stretch frequency, the C-H vibration relaxation lasts just ~1ps. And most IR energy was
absorbed by C-H stretch. The vibrational relaxation would dissipate the energy to local
environment. As shown in Fig 4.15A, most C-H stretch modes are far away from the Pt
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nanoparticle surface and C≡O stretching modes. It is therefore difficult to relax heat to
make surface phonon or C≡O stretch to be excited. As shown in Fig 4.15D, the pumping
2920cm-1 or 2950cm-1 and probing whole CO step site area could not show any obvious
signal.

Figure 4.155nm Pt PVP nanoparticle coated with CO (A) Demonstrate of molecular
structure of PVP and CO on 5nm Pt NP;(B) FTIR of this sample. Red arrows are the
pumping frequencies investigated at this chapter (1880cm-1, 2220cm-1, 2700cm-1,
2920cm-1 and 2950cm-1); (C) Pump Probe dynamic data of this sample with pumping
2700 cm-1; (D) 1.5ps spectrum of step site with pumping 2920cm-1 and 2950 cm-1.

4.2.2.2. Probing Vibrational Mode Far from Surface
Alternately, if pumping C≡O on surface to elevate surface temperature, and
probing the vibrational modes far from surface, could the vibrational modes be affected

118

by heat dissipation? The above 5nm PVP Pt nanoparticle sample is not suitable to answer
the question. (i) The number of PVP layers on the particle surface could not be
determined. Therefore, the probe C-H or C=O on PVP sample could not be acceptable to
understand molecular mechanism. (ii) As I mentioned above, the larger size particle
could absorb IR light to contribute huge background signal. In order to answer this
question, the simple monolayer organic molecule (Fig 4.16A) was coated on the 2nm Pt
nanoparticle sample to avoid the two possible questions. This molecule showed strong
C=O stretch absorption (Fig 4.16B) with only one possible position. Therefore, the
scanning 2DIR could obtain the heat signal from the bleaching peak (2030cm-1, 1710cm1

) shown in Fig 4.16C. Compare 200ps, 500ps and 1000ps panels in Fig 4.16C, the cross

peak intensity is growing up with longer waiting time, indicating heat dissipation still
occurring at 1ns. The results suggested that the vibrational relaxation damping to
electronic excitation induced heat dissipation is strongly depended on the distance
between probed vibrational mode and surface. It is also indicated that only vibrational
modes closed to surface could immediately be affected by electron/phonon coupling.
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Figure 4.16 2nm Pt nanoparticle coated with CO and C8H7OS- (A) Demonstrate of
molecular structure of C8H7OS- and CO on 2nm Pt NP;(B) FTIR of this sample. (C) 2D
IR of this sample at 0ps, 200ps, 500ps and 1000ps.

4.3. Vibrational Energy Dissipation Scheme on Metal
Nanoparticle Surfaces
Finally, a general outline of vibrational energy dissipation on metal nanoparticle
surfaces is summarized in Scheme 1. The energy relaxation presents two distinctive
pathways divided by the participation of the surface electron. On the semiconductor
nanoparticle (~1nm) surface, the high vibrational energy of C≡O dissipates directly to
local low frequency phonon modes, and was demonstrated to proceed much slower than
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50ps. However, on metallic nanoparticle samples (>2nm), the vibrational energy will
primarily damp by coupling to a surface electron within 2-5ps. The electron then quickly
couples to lattice phonon density within 1ps, generating heat. And this low vibrational
phonon needs to be slowly down to local environment (>100ps).

Scheme 4.1 Vibrational energy dissipation pathway on metal nanoparticle surface

4.4. Concluding Remarks
The findings from the two chapters demonstrate that the vibrations of surface
molecules can strongly couple to the electronic motions of metallic nanoparticle. The
electron/vibration coupling can be the dominant pathway for dissipating the vibrational
energy of the surface molecules, and it is particle size, and surface site dependent. The
result will be helpful for the understandings of chemical dynamics on the metal surface of
heterogeneous catalysts.
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Chapter 5

Probing Ion Cluster in Electrolyte
Solution with Vibrational Energy
Transfer

This chapter was entirely copied from reference 1 and partially reference 2.
This chapter will mainly introduce the detection of “ion cluster” by measuring

vibrational energy exchange between anions. By tracking the alternation of cluster ratio

under different conditions, two sub sections would introduce two scientific problems: (i)
interaction between anion and protein building blocks(1) (ii) ion segregation(2). In the
following two chapters (Chapter 5 and Chapter 6), the Debye length values of all these
solution are around 4-6nm, which are larger than the ion cluster sizes in these solutions.
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5.1. Probing Ion/Molecule Interactions in Aqueous Solutions
5.1.1. Introduction

The effects of salts on protein solubility and conformational stability have

been of great research interest for decades. However, despite their importance in
biochemistry, the molecular level mechanism of salt/protein specific interactions is yet to
be fully elucidated.(3) There has been a long discussion about how the salts change
protein properties, directly interact with protein(4) (5), or indirectly via modifying the
water structure.(6, 7) It was originally believed that the disruption of water structures by
the presence of ions play a dominant role in biological processes.(8) However, some
recent studies showed that ions only have short range effects on the structure and
dynamics of the first hydration shell, but no long range influence on the water hydrogen
bonding network.(9, 10) Recently, the direct ion-biological molecule interactions began
to be recognized as a very important factor for the protein stability and solubility.(4) From
X-ray diffraction (XRD) studies on protein structures and molecular dynamics (MD)
simulations, anions were found to be able to bind to the positive charged groups of a
protein.(11-15) It was suggested that this direct interaction could be responsible for the
solubility of the protein. Because the backbone of a protein is not charged, it was
believed that interactions between the amide groups of the backbone and anions were
weak and therefore played a very minor role in the salt induced denaturation.(16)
However, an opposite opinion argues that the direct interaction between anions and the
amide groups can be responsible for the protein denaturation, since the charged groups
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always binding to the anions in both nature and denatured states result in no net
contribution to the conformational changes of the proteins.(5)
In this work, using the vibrational energy exchange method,(17) (18) we were
able to determine the binding affinity between model compounds representing the typical
building blocks of a protein and a strong denaturant, SCN- anion, in aqueous solutions.
From these measurements, we were able to determine the relative priorities of these
model compounds in interacting with the SCN- anion. Our results show that in aqueous
solutions, other functional groups, if exposed to water, can also interact with ions with
different strengths, not just the charged groups.
5.1.2. Experiments

Unless specified, chemicals were purchased from Sigma–Aldrich and used as

received. KS13C15N was purchased from Cambridge Isotope Laboratory. Formamide-ND2
was obtained by deuterating formamide with methanol-od 3 times. The optical setup is
described in chapter 2. Samples were contained in sample cells composed of two CaF2
windows separated by a plastic spacer. In experiments, the thickness of the spacer was
adjusted from 0.5µ m to 250 µ m , depending upon the samples’ optical densities. The
experimental IR optical path was purged with CO2- and H2O-free clean air. All the
measurements were carried out at room temperature (22oC).
5.1.3. Adding Amino Acids into the KSCN Aqueous Solutions

In 2010, thiocyanate anions were found to be able to form substantial amounts of

SCN- ion clusters in 1M to 10M alkaline metal thiocyanate aqueous solutions in our
group. The discovery suggests that in the solutions, water molecules and ions tend to
separate. The result also implies a relative weak water/thiocyanate interaction presumably
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because of the highly delocalized charge on the anion. More experiments on mixed salt
(KSCN + KF, KI, K2CO3, K2HPO4, or KOD) and NH4SCN solutions (I will introduce the
results in next section and next chapter) further support the ion clustering phenomenon
observed, and suggest that ion paring, clustering and segregations are the results of
chemical equilibriums among ion/ion, ion/water, and water/water interactions which
depends on the chemical nature of the ions. Following the series of experiments, in this
work we applied a similar approach to investigate ion/molecules interactions in aqueous
solutions through measuring vibrational energy exchanges among isotope-labeled
thiocyanate anions.
We utilized the phenomenon that thiocyanate anions in the ion clusters of KSCN
aqueous solutions can exchange vibrational energy to determine the relative interaction
strength between a model compound and SCN-: adding a model compound into a salt
aqueous solution reduces the concentration of water, thus if there is no specific
interaction between the ions and the model compound, one would expect that the ion
clusters would grow. This will result in a faster observed vibrational energy transfer
among the ions as observed in the mixed salt solutions.(19) If the ion clusters interact
strongly with the model compound, then ions might be removed from the clusters or the
model compound may insert into the ion cluster and increase the average distance among
the SCN- anions and also quench the SCN- excitation. This will result in a slower
observed vibrational energy transfer among the ions.
The polar functional groups of a typical protein that can potentially interact with
ions are the backbone amide groups, the ammonium cations, the carboxylic anions, and
the amino acid residues. To determine the possible SCN-/protein specific interactions, we
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used different model compounds to represent the protein’s different functional groups as
shown in Fig. 1A: (i) N-methylacetamide (NMA) for the backbone amide groups and
acetone for the backbone carbonyl group, (ii) carboxylate anion (CH3COO-) for the
carboxylic anions, (iii) methyl ammonium cation (CH3NH3+) for the ammonium cations,
and (4) Glycine (Gly), Cysteine (Cys), Proline (Pro), and Lysine (Lys) for the amino acid
residues. In experiments, each of these compounds was added into a 4M potassium
thiocyanate aqueous solution (Solution A: KSCN:KS13C15N:D2O =1:1:20 molar ratio).
The effective ion cluster concentrations in these samples were then determined through
measuring the vibrational energy exchange rates between S13C15N- and SCN- anions.
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Figure 5.1(A) Model compounds of protein building blocks. (B) The time dependence of
2D IR spectrum of an aqueous solution with Pro:KSCN:KS13C15N:D2O =0.4:1:1:20
(molar ratio). As waiting time increases, the off-diagonal peaks (5, 6, 7, 8) grow in
because of energy exchange between SCN- and S13C15N-.
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The vibrational energy exchange method is demonstrated in Fig. 5.1B for an
aqueous solution with Pro:KSCN:KS13C15N:D2O =0.4:1:1:20 (molar ratio). In the
solution, some ions form clusters with each other, and some are separated by other
molecules. In the clusters, the thiocyanate anions can exchange vibrational energy much
more efficiently than those separated anions because the energy transfer rate is inversely
proportional to the sixth power of the donor/acceptor distance under the general
assumption of dipole/dipole interaction.(19) The energy exchange between SCN- and
S13C15N- in the clusters produces off-diagonal cross peak pairs (Peaks 5&6 and 7&8) in
the 2D IR spectra. At waiting time Tw = 0ps, energy exchange has not occurred. Only two
diagonal pairs of peaks show up in the 2D IR spectrum (0ps panel in Fig. 1B). Peaks
1(red, 0-1 CN stretch transition)&2 (blue, 1-2 CN stretch transition) are from both
separated and clustered SCN- anions, and Peaks 3(red, 0-1 CN stretch transition)&4(blue,
1-2 CN stretch transition)

are from the S13C15N- anions. Due to the vibrational

anharmonicities, peak 2 and peak 4 appear at lower frequency along the probe-axis. With
the increasing delay time after vibrational excitations of both anions, vibrational energy
begins to exchange between SCN- and S13C15N-, and the energy exchange induced offdiagonal peak pairs begin to appear on the off-diagonal positions (10ps panel). After a
long waiting time, Tw = 30 ps, vibrational energy has exchanged to a substantial degree so
that the off-diagonal peak pairs are clear. The vibrational energy transfer from SCN- to
S13C15N- produces peak 5 (red, 0-1 13C15N stretch transition) and peak 6 (blue, 1-2 13C15N
stretch transition), respectively, representing that at the end of Tw the vibrational energy
has transferred to S13C15N-. Similarly, peak 7 (0-1, CN stretch transition) and peak 8 (1-2,
CN stretch transition) are generated by energy transfer from S13C15N- to SCN-. Because
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the off-diagonal peaks arise mainly from the clustered anions while the diagonal peaks
are from both separated and clustered species, simultaneous analyses on the time
evolutions of both diagonal and off-diagonal peaks provide not only the energy exchange
rates, but also the concentration of the ion clusters. Among the four energy exchange
peaks, Peaks 5&7 contains contributions from the heat effect at long waiting times.20, 21
Peaks 5&8 overlap with the diagonal peak pair. Only Peak 6 is purely from vibrational
energy transfer between SCN- and S13C15N-. Therefore, the intensity of Peak 6 is the most
straightforward signal to compare energy transfer rates in different samples. A bigger
normalized intensity of Peak 6 at the same delay time represents a faster apparent energy
transfer rate.
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Figure 5.2(A) The proline concentration dependence of 2D IR spectra at 30ps of
solutions: Solution A (Pro:KSCN:KS13C15N:D2O=0:1:1:20); Solution B
(Pro:KSCN:KS13C15N:D2O =1:1:1:20); and Solution C (Pro:KSCN:KS13C15N:D2O
=2:1:1:20). (B) 2D IR spectra at 30ps of solutions: Solution D
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(Gly:KSCN:KS13C15N:D2O=1:1:1:20); Solution E (Cys:KSCN:KS13C15N:D2O
=1:1:1:20); and Solution F (Lys:KSCN:KS13C15N:D2O =1:1:1:20). Red rings highlight
Peak 6. The intensity of Peak 6 decreases with the addition of amino acids. The growth of
Peak 5&7 with the addition of amino acids is caused by the faster vibrational relaxation
induced by the direct interactions of the amino acids with the thiocyanate.

Fig. 5.2A displays 2D IR spectra of potassium thiocyanate aqueous solutions with
the addition of different amounts of proline: Solution A (Pro:KSCN:KS13C15N:D2O
=0:1:1:20); Solution B (Pro:KSCN:KS13C15N:D2O =1:1:1:20); and Solution C
(Pro:KSCN:KS13C15N:D2O =2:1:1:20). With the increase of proline concentration from 0
(solution A) to 4M (solution C), the intensity of peak 6 gradually drops for ~50%. As
elaborated before, the cross peaks 5~8 are mainly from vibrational energy exchange
between SCN- and S13C15N- at relatively short waiting times. Faster energy transfers
produce larger cross peaks at the same waiting time. At longer times, heat effects grow
in, which can affect peaks 5, 7&8. Peak 6 is hardly affected because of its lower detection
frequency.(20) The simple inspection of the intensity of peak 6 reveals that the
vibrational energy exchange between SCN- and S13C15N- slows down by ~50% with the
addition of 4M proline. Similar to that in the concentrated NH4SCN aqueous solutions the
NH4+ cations can directly bind to the anions in chapter 6, the R-NH3+ cations of proline
are expected to bind to SCN-. The binding can lead to a larger average distance among
the SCN- anions by either inserting into the clusters or removing SCN- out of the clusters
or quenches the CN excitation and slows down the observed energy transfer rates among
them. However, adding 4M proline to the 4M potassium solution can also change the
transition dipole moment of the CN or

13 15

C N stretch and the refractive index of the

solution. These two factors can also affect the vibrational energy transfer rates. We
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measured and calculated these two changes, and found that the effects of these two
changes on the concentration of energy-transferable SCN- anions are actually small for all
samples studied in this work. Details of measuring the transition dipole moment and
refractive index changes will be discussed in the following.
The slowdown of energy transfer in Solution B~C is not an exception. Adding
2M glycine, 2M cysteine or 2M lysine into Solution A has a similar effect (Fig. 5.2B).
The intensity of the vibrational energy transfer peak 6 decreases dramatically in each
case, indicating a slower energy transfer. In contrast, the intensity of peak 7 increases
with the addition of amino acids. Similar to those thoroughly analyzed for other systems
(20), the intensity increase of Peak 7 is mainly because of the heat effect from the faster
vibrational relaxation of the thiocyanate anions induced by the interactions with amino
acids. The introduction of OH groups from the H/D exchange between the amino acids
and D2O can also slightly reduce the vibrational lifetimes of thiocyanate anions but to a
much less extent. However, this can be simulated by adding H2O and no heat effect is
observed from such an H/D exchange. Data are in Appendix.
5.1.4. The Addition of Amino Acids Reduces Ion Clustering

To quantitatively analyze the vibrational energy exchange kinetics with the

additions of amino acids, we constructed a kinetic model based on our previous work. In
the model, the net effects of model compounds binding to thiocyanate were considered to
reduce the concentration of thiocyanate anions which can effectively transfer energy to
other anions. We named these energy-transferable anions as “clustered” ions. The
thiocyanate anions in solution can be simply divided into three components: water-bound
thiocyanate anions and model compounds-bound thiocyanate anions that cannot
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exchange vibrational energy and therefore are called “separated”, and clustered
thiocyanate anions that can exchange vibrational energy. All of the thiocyanate anions
contribute to the diagonal peak pairs in 2D IR measurements, but only the clustered
anions contribute to the off-diagonal peak pairs. The vibrational excitations of the anions
decay with their own lifetimes. The observed energy exchange rate changes are caused by
the change of the concentration of clustered ions. In the model, we assume that once a
thiocyanate anion is bound to a model compound, it will not be able to exchange energy
with other anions because the energy from this bound anion will probably transfer to the
model compounds. The shortened CN lifetimes with the additions of amino acids into
Solution A (in Appendix) support this assumption. At room temperature, the clustered
ions and the isolated ions are under dynamic equilibrium. The kinetic model can be
illustrated in scheme 1:

Scheme 1.

From the model, four differential equations are derived as below:
d  SCN clu− (t )* 
*
*
*
= kiso→clu  SCN iso− ( t )  + kSCN − ←S13C15 N −  S 13C15 N clu− ( t )  − kiso←clu + kSCN − →S13C15 N − + kSCN −  SCN clu− ( t ) 






dt

(

Equation 5.1

)
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d  SCNiso− (t )* 
*
*
= kiso←clu  SCN clu− ( t )  − kSCN − + kiso→clu  SCN iso− ( t ) 




dt

(

)

Equation 5.2

d  S 13C15 N clu− (t )* 
*
*
*
= kiso→clu  S 13C15 N iso− ( t )  + kSCN − →S13C15 N −  SCN clu− ( t )  − kiso←clu + kSCN − ←S13C15 N − + kS13C15 N −  S 13C15 N clu− ( t ) 






dt

)

(

Equation 5.3

−
d  S 13C15 N iso
(t )* 
*
*
=
kiso←clu  S 13C15 N clu− ( t )  − k S13C15 N − + kiso→clu  S 13C15 N iso− ( t ) 




dt

(

)

Equation 5.4

The time dependent populations (isolated SCN-, clustering SCN, isolated S13C15Nand clustering S13C15N-) and vibrational lifetimes are experimentally determined. The
isolated and clustered species equilibrium constant K ( K =

kiso→clu
) determines the
kiso←clu

location exchange rate constant ratio. The energy exchange rate constant ratio D is
determined by the energy mismatch of the two vibrations. The normalized initial
populations are:  SCNclu− (0)*  =




K ,
K +1

1 , 13 15 − *
−
−
=
 SCN iso
S C N clu (0)  =
S 13C15 N iso
(0)*  0 .
(0)*  =
K +1 

Solving
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equations (Eq. (1) ~Eq. (4)) with experiment results gives the energy transfer rate
constants, the isolated-clustered ion exchange rate constants ( kiso→clu and kiso←clu ) and the
isolated/clustered equilibrium constant (K).
For the solutions, the energy mismatch between the CN and 13C15N stretches is 73
cm-1, determining
that D
=

kS13C15 N − → SCN −
= 0.7 . Our previous experiments15 show that
kSCN − → S13C15 N −

from 4M KSCN aqueous solution to 1.8M solution, the cluster ratio decreases from 67%
to 35%. However, the average cluster size remains almost constant (5 to 4). In solutions
A~O, most of the cluster ratios are within this range. Therefore, we assume that the
cluster size is constant in all solutions so that we can keep the energy transfer rate
constants constant for all samples in the calculations to have a fair comparison for the
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Figure 5.3 Data and calculations of Solution A (4.0M KSCN/KS13C15N D2O solution);
Dots are data, and lines are calculations.
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Analysis based on experimental results and the kinetic model for solution A gives
kSCN − → S13C15 N − = 1/140 (ps −1 ) . Equilibrium constant K is 2.0, which indicates that the
cluster ratio is 67%. The location exchange rate constant is

1

= 15 ± 7 (ps −1 ) .
kclu →iso

Experimental results and calculations based on the kinetic model with the following
parameters are displayed in Fig. 5.3:
=
kSCN − fast 1/=
3.1 (ps −1 ); kSCN − slow 1/ 30.5
=
(ps −1 ); kS13C15 N − fast 1/ 2.1
=
(ps −1 ); kS13C15 N − slow 1/ 25.1 (ps −1 );
=
kclu →iso 1/10
=
(ps −1 ); K=2.0; kSCN − → S13C15 N − 1/140 (ps −1 ); D=0.7

with pre-factors of the subgroups and offset of the bi-exponential
=
=
=
ASCN − fast 0.05;
ASCN − slow 0.95;=
AS13C15 N − fast 0.07; =
AS13C15 N − slow 0.93;
offset 0 .
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Figure 5.4 Data and calculations of Solution B (Pro:KSCN:KS13C15N:D2O =1:1:1:20).
Dots are data, and lines are calculations.

With the addition of 2M proline (solution B), as we can see from Fig. 5.2A, the
vibrational energy exchanges among SCN- anions slow down. Quantitative analyses
based on the above model show that the concentration of clustered ions is 48%.
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Calculations and experimental results are displayed in Fig. 5. 4. The calculation
parameters are:
=
k SCN − fast 1=
/ 1.5(ps −1 ); k SCN − slow 1 / 14.5
=
(ps −1 ); k S13C15 N − fast 1 / 1.1
=
(ps −1 ); k S13C15 N − slow 1 / 15.0 (ps −1 );
=
kclu →iso 1=
/ 10 (ps −1 ); K=0.92; k SCN − → S13C15 N − 1 / 140 (ps −1 ); D=0.7

with pre-factors of the subgroups and offset of the single-exponential
=
ASCN − fast 0.15;
=
ASCN − slow 0.85;=
AS13C15 N − fast 0.10; =
AS13C15 N − slow 0.90;
=
offset 0

Analyses and experimental results of other samples following the same
procedure are provided in the Appendix.
5.1.4 Transition dipole moment and local refractive index corrections
5.1.4.1 Local refractive index corrections
As mentioned above, adding another species into the potassium thiocyanate
aqueous solutions will inevitably change the refractive indexes of the solutions and the
transition dipole moments of the nitrile stretches if the additives can interact with the
thiocyanate anions. According to the vibrational energy transfer equation and the
dipole/dipole approximation, shown in Eq.5.5&5.6, these two factors can also affect the
vibrational energy transfer rates, in addition to the ion cluster concentration:

1
k DA =

2
1+ e

∆ωDA
RT

β

tc

2

1
( ) 2 + (∆ωDA ) 2 + 4 β

2

tc

Equation 5.5

where k DA is the energy transfer rate constant from the donor (D) to the acceptor
(A). ∆ω DA = ω D − ω A is the frequency difference between the donor and the acceptor. R

136

is the gas constant. T is the temperature. β is the average coupling constant between D
and A. t c is the coupling fluctuation time. For all the room temperature liquids we
studied so far, t c was found to be 2.0 ± 0.1 ps . This is at the same time scale as that of
solvent molecules reorganizing their configurations, corresponding to the molecular
binding enthalpy ~0.6 kcal/mol which is the same as the thermal energy at room
temperature. (

1

tc

) 2 is in the energy or frequency unit corresponding to each t c .

The coupling between two dipoles is given by
 μD ⋅ μ A
(μ D ⋅ rDA )(μ A ⋅ rDA ) 
 3 −3

5
4πε 0 n  rDA
rDA

1 µ D µ Aκ
=
3
4πε 0 n 2 rDA

=
β

1

2

Equation 5.6

where ε 0 is vacuum permittivity, n is the local refractive index of the media,

=
κ cos θ DA − 3cos θ D cos θ A , θ AD is the angle between the two transition dipole moments
and θ A and θ D are the angles between each transition moment and the vector connecting
them. μ D and μ A are the transition dipole moments of donor and acceptor, respectively.

rDA is the distance between the donor and acceptor.
Therefore, the variations of transition dipole moments and local refractive indexes
induced by the additions of molecules need to be corrected before the concentration of
clustered ions can be finally obtained from the energy transfer measurements.
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The refractive indexes of KSCN/D2O (1/10, 4M), (1/7.5, ~5M) and (1/5, 6.5M)
solutions were calculated to be 1.41, 1.43, and 1.46 respectively. We used Eq. 5.7&8 to
estimate the refractive indexes of solutions with different model compounds with a
molecule/salt/water molar ratio 1/1/10:
nsol = 1.41 + 0.05 ×

ncompound − 1.41
nKSCN − 1.41

Equation 5.7

and another equation for solutions with compounds with molecule/salt/water
molar ratio 0.5/1/10:
nsol = 1.41 + 0.02 ×

ncompound − 1.41
nKSCN − 1.41

Equation 5.8

.
The refractive index of KSCN at 5 microns is 1.53. For most of the compounds,
the refractive indexes at 5 microns are not available from literature. Instead, we use the
values at ~600nm reported in references (21-26). In these compounds, refractive index of
the NH3CH3Cl is not available. We took the value 1.44 that comes from the compound
NH2(CH3)2Cl instead. This can cause about 0.5% - 1% uncertainty (estimated from the
frequency dependent of refractive indexes of KI, KF, NaCl) in the final results. Corrected
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results are displayed in table 1. The refractive index changes are smaller than 1.5%,
within this range: 1.41 ± 0.2 , except for the KSCN:Pro:D2O= 1:1:10 of which n = 1.44.
Table 5.1 Refractive indexes of solutions

Glycine

Refra
ctive index
(pure
compound)
1.500

Sample

Refractive
index
(solution)

KSCN:Gly:D2O=

1.42

KSCN:Pro:D2O

1.42
1.44

0.5:1:10
Proline

1.487
=0.5:1:10

KSCN:Pro:D2O=
1:1:10
Lysine

1.503

KSCN:Lys:D2O

1.43

KSCN:NMA:D2O=

1.41
1.42

=0.5:1:10
NMA

1.428
1:1:10

KSCN:NMA:D2O=
2:1:10
Formamide

1.447

KSCN:FMA:D2O

1.42

KSCN:Ack:D2O

1.39

KSCN:Acetone:D2O=

1.39

KSCN:DAM:D2O

1.40

KSCN:DMF:D2O

1.42

KSCN: DEA :D2O=

1.41
1.40

=0.5:1:10
CH3COOK

1.370
=1:1:10

Acetone

1.360
1:1:10

Diethylamide

1.385
=1:1:10

DMF

1.431
=1:1:10

Diethylamine

1.385
1:1:10

KSCN: DEA :D2O=
1:1:10
NH3CH3Cl

1.44

KSCN:NH3CH3Cl:D2
O=1:0.5:10

1.42

5.1.4.2 Transition dipole moment correction
The nitrile stretch 0-1 transition dipole moment changes induced by the addition
of model compounds were determined in the following procedure. A model compound
and water were mixed with a certain molar ratio to match that of the sample in 2D IR
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measurements. FTIR spectrum was taken from this mixture as the background. KSCN
was then added into the mixture with a molar ratio 1/200 (KSCN/water). FTIR spectra of
this sample and a solution KSCN/water (=1/200) were then measured. The density of
each sample was measured to normalize the number of KSCN in the optical path. The
change of the CN transition dipole moment square is then proportional to the intensity
change of CN stretch peak 2065 cm-1 between with and without the model compound.
The uncertainty of the measurements was estimated to be ~5%. The change given by this
method is the maximum change the nitrile stretch can have. In the 2D IR samples,
because the KSCN concentration is much higher, the change is expected to be smaller. At
the concentrations of 2D IR samples, the FTIR measurements could not be reliably
repeated because of the very small optical path, 1~2 microns. The measured (

µ
µ

mixture

)2 s

KSCN

are listed in table 5.2. The transition dipole moments in most mixtures are smaller than
that of the KSCN solution for less than 10%.

Table 5.2 Transition dipole changes

Samples
(

µ
µ

mixture

KSCN

KSCN:Proline:H2O=0.5:1:10

0.98

KSCN:Proline: H2O =1.0:1:10

0.91

KSCN:Cysteine: H2O =0.5:1:10

0.92

KSCN:Glycine: H2O =0.5:1:10

0.92

KSCN:Lysine: H2O =0.5:1:10

0.85

)2
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KSCN:NMA: H2O =1:1:10

0.92

KSCN:NMA: H2O =2:1:10

0.90

KSCN:Acetone: H2O =1:1:10

1.05

KSCN:Formamide: H2O

0.98

=0.5:1:10
KSCN:diethylamide: H2O

1.02

=1:1:H2O
KSCN:DMF: H2O =1:1:10

0.97

KSCN:AcK: H2O =1:1:10

0.93

KSCN:NH3CH3Cl: H2O =1:1:10

0.91

5.1.4.3 Corrections for transition dipole moment and local refractive index
Eq.5&6 can be simplified as
k DA ∝

µ 2 µ A2
D

n4

µ4

CN
=
n4

Equation 5.9

The change of refractive index is small (<2%). It does not induce a big
uncertainty to use the estimated average refractive indexes in table 1 to calculate kDA.
However, it can be problematic if the average transition moment changes in table 5.2 are
used because the transition dipole moment changes can be big, up to 10%. Assuming that
the transition dipole moment change induced by the addition of a compound is due to the
dipole/dipole interaction, this effect is a very short range interaction. According to the
dipole/dipole interaction equation Eq.5.6, the compound will have very little effect on
SCN- anions which are separated away from this model compound by one other molecule
or anion. This situation means that for those SCN- anions of which the energy exchange
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can produce visible cross peaks in 2D IR measurements are hardly affected by the
addition of the model compound, because they don’t directly contact the model
compound. Now this will create an interesting situation in the 2D IR spectra. The
diagonal peaks are from all SCN- anions, so that their signals are proportional to the
fourth power of the measured average transition dipole moment. However, the cross
peaks will be proportional to the fourth power of the transition dipole moment of the
clustered anions of which the transition dipole moment is hardly affected by the model
compound. The proper kinetic analysis requires the normalization for the difference of
transition dipole moments. In reality, it is quite possible that the clustered anions can also
be affected by the model compound with a smaller effect. We tested two models to do the
correction: 1. the transition dipole moment of clustered anions is not affected by the
addition of a model compound.

The peak intensities were renormalized and the

calculated cluster concentration and affinity values are listed in table 5. 2. The transition
dipole moment of the clustered anions is affected by the addition of a model compound,
and the effect is 50% of the measured average effect. The peak intensities were then
renormalized accordingly and the energy transfer rate was also normalized with this
transition dipole moment change. The calculated cluster concentration and affinity values
are listed in table 5.3. We believe that the 2nd treatment is closer to the real situation and
the results are reported, but both treatments give essential the same conclusion.
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Table 5.3 Corrected affinities with method 1&2 and refractive index

Origin
Origi
concentrat
Affin
al
nal affinity ion Corrected
ity corrected
concentration
Pro:KSCN:D2O
48%
18
Method 1:
25.1
0.5:1:10
44%
25.1
Method 2:
44%
Pro:KSCN: D2O
34%
14
Method 1:
17.4
1:1:10
29%
13.3
Method 2:
35%
Gly:KSCN: D2O
45%
23
Method 1:
41.0
0.5:1:10
38%
25.1
Method 2:
44%
Cys:KSCN: D2O
38%
41
Method 1:
76.8
0.5:1:10
31%
52.9
Method 2:
35%
Lys:KCN: D2O
30%
85
Method 1:
185
0.5:1:10
24%
69.6
Method 2:
32%
AcK:KSCN:
65%
1
Method 1:
3.8
D2O
55%
1.4
1:1:10
Method 2:
62%
CH3NH3Cl:KSC
46%
21
Method 1:
40.9
N: D2O
38%
25.1
0.5:1:1
Method 2:
44%
NMA:KSCN:
56%
3.5
Method 1:
5.7
D2O
50%
2.7
1:1:10
Method 2:
58%
Acetone:KSCN:
64%
1
Method 1:
0.3
D2O
66%
1.4
1:1:10
Method 2:
62%
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DMF:KSCN:

61%

2

Method 1:

D2O

3.4
2.7

56%
1:1:10

Method 2:
58%

DEA:KSCN:

52%

5

Method 1:

D2O

3.8
4.9

55%
1:1:10

Method 2:
52%

FMA:KSCN:

51%

5

Method 1:

D2O

6.1
4.9

49%
1:1:10

Method 2:
52%

5.1.5. K+/Carboxylate Anion Interaction Is Not Responsible for the Slower
Energy Transfer Observed
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Figure 5.5 The chemical dependence of 2D IR spectra of solutions at 30ps: Solution A
(KSCN:KS13C15N:D2O =1:1:20); Solution G (CH3COOK:KSCN:KS13C15N:D2O
=2:1:1:20); Solution H (CH3NH3Cl:KSCN:KS13C15N:D2O =1:1:1:20); Solution I
(KCl:KSCN:KS13C15N:D2O =0.9:1:1:20).

Now, the next issue to explore is which specific interaction is responsible for the
observed

slower

energy

transfer

with

the

addition

of

amino

acids:

the

thiocyanate/ammonium interaction or the K+/carboxylate anion interaction. This issue
was investigated by measuring the vibrational energy transfers among thiocyanate anions
in solutions with the addition of CH3COOK or CH3NH3Cl. 2D IR spectra at 30ps of

144

solutions

with

the

addition

CH3COOK:KSCN:KS13C15N:D2O

of

=2:1:1:20)

CH3COOK
and

CH3NH3Cl

(Solution
(Solution

G,
H,

CH3NH3Cl:KSCN:KS13C15N:D2O =1:1:1:20) are displayed in Fig. 5.5. With the addition
of 4M CH3COO-K+, the intensity of peak 6 has almost no change (Panel Solution G)
compared to without the addition (Panel Solution A), implying that the interaction
between K+ and the carboxylate anion (if any) plays a very minor role in disrupting the
concentration of ion clusters in the amino acid solutions B~F. In contrast, the addition of
only ~2M of CH3NH3+Cl- produces a substantial change in the intensity of peak 6 (Panel
Solution H). The change can be caused either by the binding between the ammonium
cation and the thiocyanate anion or by the interaction between Cl- and K+ inside the
clusters. The latter possibility is excluded by experiments. As shown in panel Solution I,
when ~1.8M KCl was added into Solution A, no obvious change in the intensity of peak
6’ was observed. The series of experiments reveal that the ammonium cation does interact
with the thiocyanate anion. The observations agree with our recent experiments that NH4+
can directly bind to SCN- in aqueous solutions in chapter 6. They also agree with the
recent theoretical finding that the strong "chaotropic" ammonium group of amino acids
can form direct ion pairs with strong "chaotropic" anions.(27, 28)Quantitative analyses
based on the above procedure show that the addition of 2M CH3NH3+Cl- reduces the
concentration of clustered ions to ~44% from 67% in solution A.
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5.1.6. N-H group in the Backbone Can Slow Down the Vibrational Energy
Transfer
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Figure 5.6 2D IR spectra at 30ps of (A) Solution A (KSCN:KS13C15N:D2O =1:1:20); (B)
Solution J (NMA:KSCN:KS13C15N:D2O =2:1:1:20); (C) Solution K
(NMA:KSCN:KS13C15N:D2O =4:1:1:20); (D) Solution L (Acetone:KSCN:KS13C15N:D2O
=2:1:1:20); (E) Solution M (DMF:KSCN:KS13C15N:D2O =2:1:1:20); (F) Solution N
(HCONH2:KSCN:KS13C15N:D2O =2:1:1:20); (G) Solution O
((C2H5)2NH:KSCN:KS13C15N:D2O =2:1:1:20); and (H) Solution P
((C2H5)3N:KSCN:KS13C15N:D2O =2:1:1:20).

We used a similar strategy to investigate the salt/amide backbone interactions. As
displayed in Fig. 5.6B&C, adding 4M NMA (N-methylacetamide) into Solution A
slightly slows down the vibrational energy exchange. NMA has three possible sites
O

C

binding to thiocyanate: the carbonyl group (

), the amide bond (
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H

O

C

N

) and the N-H group (

N

). We used acetone to represent the

carbonyl group. As shown in Fig. 5.6D, adding 4M acetone into Solution A produces
negligible change in the vibrational energy transfer rate among the thiocyanate anions,
implying that the interactions between the carbonyl group and the ions are very weak.
Adding 4M DMF (HCON(CH3)2, Fig. 5.6E) has a similar but very slight effect. However,
adding 4M formamide (HCONH2, FMA, Fig. 5.6F) into Solution A produces a clear
decrease in the intensity of peak 6, indicating a stronger interaction between the ions and
formamide. Formamide has two more N-Hs than DMF (note, the two N-Hs are slightly
different because of their different locations), and one more N-H than NMA. The results
in Fig. 5.6B,E&F imply that the N-H group plays an important role for the amide group
binding to the ions (quantitative analysis on DMF shows that the amide bond also plays a
role, see Appendix). Because formamide is less electron-rich than the other two
molecules, the ions binding to its N-Hs are probably the thiocyanate anions (to H) rather
than the K+ cations (to the lone electron pair). The conclusions are supported by further
experiments. Adding 4M diethyl amine ((C2H5)2NH, DEA) into Solution A, which
clearly reduces the intensity of Peak 6 (Fig. 5.6G), indicating a strong interaction between
the amine group and the ions, while adding 4M triethylamine ((C2H5)3N) to Solution A
doesn't change the intensity of Peak 6 (Fig. 5.6H) as much, indicating the insignificance
of the interaction between the lone electron pair and K+. The results also explain why the
effect of lysine is bigger than proline (Fig. 5.2B), probably because lysine has an extra
amine group which is able to bind to thiocyanate. It is interesting to note that in solutions
with amino acids (proline), NH4+, and NMA, the CN stretch 0-1 transition central
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frequency red shifts for about 2 cm-1 from FTIR, compared to that in the 4M KSCN
solution. In contrast, adding 4M CH3COOK or acetone doesn’t cause such a frequency
shift, as displayed in Fig. 5.7. The results show that the molecules with the positively
charged groups or the amide groups probably have a bigger effect on the CN vibration of
SCN- than the molecules without them in aqueous solutions.

Figure 5.7 FTIR of spectra (A) KSCN:CH3COOK:H2O=1:1:10 (black line);
NH4SCN:H2O=1: 10 (red line); KSCN:H2O=1: 10 (green line);
KSCN:Proline:H2O=1:1:10 (blue line); (B) KSCN:H2O=1: 10 (black line);
KSCN:Acetone:H2O=1:1:10 (red line); KSCN:NMA:H2O=1:1:10 green line).

Quantitative analyses based on the above procedure show that the concentration of
clustered anions is slightly reduced to 58% ± 4% from 67% with the addition of 4M
NMA, to 52% ± 4% with the addition of 4M FMA, and to 62% ± 4% with the addition
of 4M Acetone.
5.1.7. The Binding Affinity of SCN- and Protein Building Blocks

The simple inspections on the vibrational energy exchange 2D IR spectra have

provided us a qualitative picture about the relative binding strengths of different model
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compounds with thiocyanate in aqueous solutions. To quantitatively describe the relative
binding affinity of the model compounds to the thiocyanate anions, we constructed an
equilibrium model consistent with the kinetic model to analyze the vibrational energy
exchange results. Using Solution C as an example, three types of thiocyanate anions
−
−
coexist under chemical equilibrium: clustered ( SCN clustered
), hydrated ( SCN hydrated
) and
−
proline-complexed ( SCN pro
). Two types of proline molecules coexist: hydrated (

prohydrated , including the self-associated proline) and thiocyanate-complexed ( proSCN − ).

The binding affinity between thiocyanate and proline is defined as
−
 SCN pro
 [ D2O ]
=
−
 SCN hydrated   prohydrated 
n

K affinity

Equation 5.10

,
from the following equilibrium,
−
−
SCN hydrated
+ prohydrated � SCN pro
+ nD2O

Equation 5.11

.
In the model, we assumed that the extent of self-association of proline is small
because of the relatively big amounts of water and KSCN. The total concentration of
water was taken as constant since the amount of additive is relatively small, leading to a
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constant concentration of hydrated thiocyanate anions. In this approximation,
proline/thiocyanate complexes in both water and ion clusters are mathematically
−
combined into one parameter: SCN pro
. The concentration sum of proline-complexed and

hydrated thiocyanate anions was obtained from the vibrational energy exchange
experiments, and the concentration of proline was known beforehand. Eq.5.11 is readily
solvable with all these parameters known. The number of water molecules in eq.5.11 was
set to be 1 for comparison of the one-to-one binding affinity. Based on this model and the
vibrational energy exchange results, the relative affinity (compared to water) of proline
with thiocyanate was determined to be 19 ± 8 . This result is also consistent with the
potassium thiocyanate concentration dependent energy exchange measurements: in the
4M potassium thiocyanate aqueous solution (Solution A, salt:D2O=1:10), 33% of the
thiocyanate anions are not clustered, and the number is 65% in a 1.8M solution
(salt:D2O=1:25). In Solution C (proline:salt:D2O=1:1:10), 66% of the thiocyanate anions
are not clustered. Comparing solution C and the 1.8M solution, the effect of one proline
binding to thiocyanate is roughly equal to that of 15 water molecules in the aqueous
solutions. The relative affinities of other model compounds with thiocyanate were also
determined in a similar manner, listed in Table 4. Data in Table 4 show that the affinity of
the ammonium cation of amino acids with thiocyanate is only 5~20 times bigger than that
of the amide group.
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Table 5.4 The relative binding affinities of model compounds with the thiocyanate anion

Solution

KAffinity

B

D

E

(Pro) (Gly) (Cys)

F
(Lys)

G
(CH3COO
K-)

19±8 25±10 53±19 70±55 1.4±1

H

J

L

M

N

O

+

(CH3NH3 ) (NMA) (Acetone) (DMF) (FMA) (DEA)

25±10

2.7±2

1.4±1

2.7±2

5±2.5

5±2

The series of experiments also demonstrate that the chemical natures of the ions
and molecules play critical roles in the specific ion/molecule interactions in aqueous
solutions. The macroscopic dielectric constants of the molecules are minor factors. For
example, the dielectric constant of acetone is ~22, and that of diethylamine is ~4, but the
binding affinity of diethyl amine to thiocyanate is obviously stronger than that between
acetone and the anion.
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5.2. Direct Energy Transfer from the ND Stretches of
Formamide-ND2 to the CN Stretch of SCN-
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Figure 5.8(A) FTIR spectrum of a formamide-ND2/KSCN =5/1 solution. ND stretches
have one peak at ~2400 cm-1 and another at 2560 cm-1. (B) 2D IR spectrum at 5 ps of the
solution showing the energy transfer cross peaks from the ND stretches to the CN
stretches. (C)&(F) are experimental data (dots) and kinetic calculations (lines) for the
ND stretch (2400 cm-1) relaxation, the CN stretch relaxation (2060 cm-1), the ND to CN
energy transfer, the OD stretch (2400 cm-1) relaxation, the CN stretch relaxation (2066
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cm-1), the OD to CN energy transfer in the a formamide-ND2/KSCN =5/1 solution and a
D2O/KSCN =5/1 solution.

The hydrogen bond between the amine bond (N-D) of the amide group and SCNwas also investigated by directly measuring the energy transfer from the ND stretch
(2400 cm-1) of the amide group to the CN stretch (2060 cm-1) of SCN- in a
KSCN/formamide-ND2 (1/5 molar ratio, HCOND2) solution. The N-D stretch frequency
is around 2400 cm-1, and the CN stretch central frequency is 2065cm-1. The two
vibrational modes can exchange vibrational energy with each other, and the excitations of
the two modes can decay with their own lifetimes. Based on the physical picture, a
previously constructed kinetic model was used to analyze the energy transfer kinetics:

Scheme 2
d  ND(t )* 
= CN (t ) *  kCN → ND −  ND(t ) *  k ND −  ND(t ) *  k ND →CN
dt

Equation 5.12

d CN (t )* 
=  ND(t ) *  k ND →CN − CN (t ) *  kCN − CN (t ) *  kCN → ND
dt

Equation 5.13

153

The time dependent populations (CN and ND) and vibrational lifetimes are
experimentally determined. The energy exchange rate constant ratio D =

kCN → ND
is
k ND →CN

determined by the energy mismatch of the two vibrations: D = 0.2. Solving equations
Eq.5.12 and Eq.5.13 with experiment data gives the energy transfer rate constant kCN → ND
=1/8 ps-1. The experimental and calculation results are displayed in Fig. 5.8. The
parameters in calculations are:
=
1/
=
2.26 (ps −1 ); k SCN − slow 1/ 21. 50(ps −1 );
k ND − =2.0; k SCN − fast
k ND − → CN − = 1/ 8.0 (ps −1 ); D=0.2

with pre-factors of the subgroups and offset of the bi-exponential
ASCN − fast 0.16;
ASCN − slow 0.84;
offset 0
=
=
=

Using the same procedure, analyses show that the energy transfers from OD to
CN in the KSCN/D2O=1/5 solution with a rate constant K OD →CN =

=
used in calculations
are kCN

1 −1
ps . Parameters
17

1
=
ps −1 ; kOD 1.0 ps −1 . Similar to the NH4SCN
70.0

experiments in next chapter, the measured ND/CN and OD/CN energy transfers also have
some contributions from bridged pathways through some combination bands.
The

above

kinetic

analysis

shows

ND (2400cm −1 ) → CN (2060cm −1 ) time constant is

that
1

k ND →CN

the

energy

transfer

= 8 ± 1 ps . Experiments also

show that the OD (2400cm −1 ) → CN (2066cm −1 ) transfer time constant in a KSCN/D2O
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(1/5 molar ratio) is

1

= 17 ± 1 ps . Normalized with the differences (

kOD →CN

2
µ ND
= 1.2 ) of
2
µOD

transition dipole moment and refractive index and the transition dipole cross angles from
calculations, the energy transfer rate ratio

k ND →CN
is 1.7. According to the dipole/dipole
kOD →CN

approximation, the normalized larger ND to CN energy transfer rate implies a shorter or
at least comparable distance of ND/CN, compared to that of OD/CN. As mentioned
above, we found that part of the energy can transfer in both systems through combination
bands. The energy transfer mechanism through combination bands is not necessary the
dipole/dipole interaction, which is to be explored in our future work. Therefore, the
energy transfer rate ratio reported here cannot be immediately translated into the
donor/acceptor distance ratio based on the dipole/dipole interaction. Nonetheless, the
energy transfer measurements show that the SCN- anions can stay close to the NH groups
of formamide. Calculated H2O/SCN- and formamide/SCN- dimmer structures are
displayed in Fig. 5.9.

(A)

(B)

Figure 5.9 Structures of (A) H2O/SCN- and (B) formamide/SCN- dimmers from DFT
calculations for gas phase molecules. The basis set is 6-311++G(d,p).
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5.3. Probing Phase Segregation in Complicated Electrolyte
Solutions
5.3.1. Introduction

The discovery that higher clustering tendency of SCN anions in higher KSCN

concentration suggests that the water and the ions only have weak interaction, tending to
separate in the solutions. It therefore gives a good chance for detecting the effect of
different ions on water structure: adding a salt into the KSCN aqueous solution reduces
the concentration of water, thus if the ions prefer to stay in water phase, one would expect
that the ion clusters would grow or a faster observed vibrational energy transfer among
the ions. If the adding ions prefer to insert into SCN- aggregation, it will result in
reduction of cluster ratio or a slower observed vibrational energy transfer among the SCN
anions.
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Figure 5.10(A) Different ion plays the breaker or maker role. (B) The time dependence
of 2D IR spectrum of an aqueous solution with K2CO3:KSCN/KS13C15N/D2O =2:1:1:20
(molar ratio). As waiting time increases, the off-diagonal peaks (5, 6, 7, 8) grow in
because of energy exchange between SCN- and S13C15N-.

5.3.2. Anions Alter the Ion Cluster Concentration

Traditionally, effects of the various ions on the structure of liquid water have been

divided into two classes, structure maker and structure breaker.(4)To determine the
different ion effects on ion-water segregation, we used typical ions to stand for structure
makers and structure breakers: (i) phosphate dibasic (HPO42-), carbonate (CO32-), Acetate
(CH3COO-), Fluoride (F-) and hydroxyl (OH-) represent for the structure makers (ii)
Bromide (Br-) and Iodide (I-) represent for the structure breakers. In experiments, each of
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these compounds was added into a 4M potassium thiocyanate aqueous solution (Solution
A: KSCN/KS13C15N/D2O =1:1:20 molar ratio). The angstrom molecular ruler method
was then applied to determine the effective ion cluster concentrations in these samples
through measuring the vibrational energy exchange rates between S13C15N- and SCNanions. It has been known that in the pure 4M solution, ~67% of the anions form
clusters.(29) Adding the salt into it will produce fewer or more ion clusters in the
solution, dependent on the relative way for the additive goes, water phase or thiocyanate
anions phase. An exclusive way will result in a clear effective ion cluster
concentration and an apparent change for energy transfer rate.
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Figure 5.11(A)2D IR spectra at 50ps of solutions: Solution A (KSCN/KS13C15N/D2O
=1:1:20); Solution B (K2CO3/KSCN/KS13C15N/D2O =2:1:1:20); Solution C
(K2HPO4/KSCN/KS13C15N/D2O =2:1:1:20); Solution D
(CH3COOK/KSCN/KS13C15N/D2O =2:1:1:20) (B) 2D IR spectra at 50ps of Potassium
halide solutions: Solution E (KF:KSCN/KS13C15N/D2O =2:1:1:20); Solution F
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(KCl/KSCN/KS13C15N/D2O =0.4:1:1:20); Solution G (KBr/KSCN/KS13C15N/D2O
=0.6:1:1:20); Solution H (KI/KSCN/KS13C15N/D2O =2:1:1:20). Red rings highlight Peak
6.

The vibrational energy exchange method is shown in Fig 5.10. Briefly, in the

multiple-salt systems, some thiocyanate ions form clusters with each other, and

some thiocyanate are isolated by water molecules. It’s assumed that the isolated
thiocyanate anions did not exchange vibrational energy with each other or the

energy transfer rates are extremely slow compared to the clustered thiocyanate
anions, due to the sixth power of distance dependence of the rate of the dipole-

dipole approximation.(30) (20, 31) The 2D IR method is same with I introduced in
Section 5.1. A bigger normalized intensity of Peak 6 at the same delay time

represents a faster apparent energy transfer rate(32). The kinetic model is also

same with Section 5.1.

Fig.5.11A displays 2D IR spectra of potassium thiocyanate aqueous

solutions with the addition of same amount of salt: Solution A (KSCN/KS13C15N/D2O
=1:1:20); Solution B (K2CO3/KSCN/KS13C15N/D2O =2:1:1:20); Solution C

(K2HPO4/KSCN/KS13C15N/D2O =2:1:1:20); Solution D

(CH3COOK/KSCN/KS13C15N/D2O =2:1:1:20). Quantitative analyses on the data based
on the kinetic model show that the concentrations of thiocyanate clusters (the ratio
of clustered overall thiocyanate) in Solution A~D are 67% (no additive), 80% (4M

K2CO3), 73% (4M K2HPO4) and 65% (4M CH3COOK), respectively. With the addition
of salts K2CO3 and K2HPO4, the intensities of Peak 6 clearly increases to >70%. In
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other words, the energy exchange becomes faster. The simple inspection on the

intensity of Peak 6 reveals that the apparent vibrational energy exchange between
SCN- and S13C15N- increases for ~10% with the addition of K2CO3 and K2HPO4. As
discussed above, the vibrational energy exchange is mostly from the clustered
thiocyanate anions. Once CH3COOK is added into Solution A, the ion

isolated/clustered equilibrium is not disturbed much. From kinetic model, the

fitting result also indicated that the KSCN clustering ratio maintain as 65%. We used

a similar strategy to investigate the halide contained systems. Fig.2B displays 2D IR
spectra of potassium thiocyanate aqueous solutions with the addition of Potassium
halide salts: Solution E (KF:KSCN/KS13C15N/D2O =2:1:1:20); Solution F

(KCl/KSCN/KS13C15N/D2O =0.4:1:1:20); Solution G (KBr/KSCN/KS13C15N/D2O

=0.6:1:1:20); Solution H (KI/KSCN/KS13C15N/D2O =2:1:1:20). Quantitative analyses

on the data based on the kinetic model show that the concentrations of thiocyanate
in Solution E and H are 77% and 60%, respectively. Among the four mono

covalence ions, fluoride anion (F-) could increase the cluster ratio 10% around. The
additions of Cl- anions bring no obvious change compared with Solution A. The

bromide anions (Br-) apparently drop down the cluster ratio. And the iodide anion
(I-) decrease the cluster ratio ~7%.

Clearly, the strong water structure maker anions (CO32-, F- and HPO42-) could

increase SCN anions cluster ratio. The relative weak water structure maker or

breaker anions (CH3COO- and Cl-) did not disturb SCN anions cluster energy transfer
much. The effective structure breaker anions (Br- and I-) slow down the energy
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transfer rate inside the SCN anions cluster or decrease the cluster ratio. The reasons
are quite straightforward. The way for the ion choose to stay in water phase or
insert into SCN phase depends on the relative hydration ability of this ion. If

structure breaker anion (SCN-) mixed with structure maker anion (F-) in aqueous

solutions, the water could tightly surround with F-, the relative SCN- concentration

would increase, and more SCN anions intend to aggregate. In other words, compare
with the interaction between SCN and water, the water-water interaction is much

stronger. The strong water-water interaction could also push poorly hydrated SCN

anions to bind with K+ to form pairs or clusters. The addition of F- would accelerate
this process for the existences of F- attract more water due to the stronger water-Finteraction. The similar phenomenon could be seen as the addition of CO32- and

HPO42-. If structure breaker anion (SCN-) mixed with structure maker anion (F-) in
aqueous solutions, the water could tightly surround with F-, the relative SCN-

concentration would increase, and more SCN anions intend to aggregate. To the

opposite, the hydration of I- is not strong enough. Consequently, water net structure
in this electrolyte solution is not disturbed. If structure breaker anion (SCN-) mixed

with structure breaker anion (I-) in aqueous solutions, strong water-water

interaction would push I- to insert into SCN- aggregation or form pairs or clusters

with K+. The similar mechanism is suggested in the process of SCN- protein

interaction (33). When two oppositely charged chaotrope ions dissolved in water,
the relatively strong water-water interaction would keep the two ions to form
contact ion pairs in solution.
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The simple inspections described above on the vibrational energy exchange

2D IR spectra have provided us a qualitative picture of real nature of multiple ions
electrolyte solutions. The results indicated that an auspicious part of water would

be strongly hydrated in the presence of structure maker ions. Others would be used
to solve structure breaker ions and form hydration network. If the salts (KF, K2CO3

and K2HPO4) dissolved into protein solution, the solubility of protein would

decrease, leading to “salting out” effect. The mechanism that structure maker ions
interact with protein is challenged by the previous report (9). But, based on our

finding, the results strongly suggested that the indirect way that some ion change
protein properties by the modification of water network really exists.

The above mechanism for multiple ions system is not a uniquely one. As

shown in Fig. 5.12, the 2D spectra of the Solution I (KOD/KSCN/KS13C15N/D2O

=0.4:1:1:20) and Solution J (KOD/KSCN/KS13C15N/D2O =2:1:1:20) showed that the
addition of OD- did not increase the cluster ratio. To some extent, OD- addition

derogates the energy transfer in SCN aggregation. It is reported that the OD anion is
a strong structure maker ion, suggesting that it should prick up the aggregation of
SCN anions. However, considering the OD- can exchange location fast with D2O, it

meant that the OD effects on water structure is delocalized, making the addition of
OD just dilute the solution.
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Figure 5.12 KOD concentration dependence of 2D IR spectra at 50ps: Solution A
(KSCN/KS13C15N/D2O =0:1:1:20); Solution I (KOD/KSCN/KS13C15N/D2O =0.4:1:1:20);
Solution J (KOD/KSCN/KS13C15N/D2O =2:1:1:20). Red rings highlight Peak 6.

5.4. Concluding Remarks
As demonstrated in this work, interactions between the SCN- and some amino
acids, the amide group and the amine group of some organic compounds were also
observed. Quantitative analysis shows that the interaction strength between the
thiocyanate anions and the charged amino acid residues is about 20 times bigger than that
between the water molecules and the amino acids, and about 5~10 times larger than that
between the anions and the neutral amide groups. The affinity ratios lead to an interesting
scenario: if the measured affinities of the model compounds are similar to those of
functional groups of proteins, the amide groups can bind to the SCN- anions during
protein denaturation with a similar or even larger probability than the positively charged
groups if a large number of the amide groups can expose to the water phase during the
denaturation.
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As demonstrated in this work, these results could explain possible macroscopic
property of electrolyte solution -alternation the protein solubility and stability on
molecular level. The two phases of electrolyte solution have different ways to contribute
to the alternation of protein properties. The structure breaker ion directly interact with
protein weakly hydrated surface, however, the structure maker ion would stay in water
phase, modifying the water hydrogen network to induce protein properties changing. The
detailed microscopic information in electrolyte solutions can be determined by the
intermolecular vibrational energy exchange method. Using this perturbative-labeling-free
method, it is expected to be general for describe the chemical pictures from chemistry to
biology, by probing short range interactions in each interesting scientific story.
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Appendix 5
Kinetic Model and Fitting Results
For solutions B~O in Section 5.1, calculations and experimental results are
displayed in Figure A5.2~A5.14. Parameters for calculations are listed in the following.
Here it is necessary to note that in our experiment, the cross peaks and the diagonal peaks
are measured in different laser focusing conditions. For the cross peak measurement, the
pump laser beam was focused very tight at the sample because the energy transfer peaks
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are usually very weak, especially when the amino acids were added to the
KSCN/KS13C15N solution. Also we only measured the cross peaks when the pump
located at 2060 cm-1 and peak 6 was used to do the energy transfer analysis. While the
other cross peaks pair (peak 7 and peak 8) are not measured. Since we already know the
detailed balance ratio for the pumping/up and flowing down is 0.7 for the
KSCN/KS13C15N solution, we simply scaled the flowing down curves by 0.7 as the
pumping up curves in our data analysis. However we cannot use the diagonal peaks to do
the vibrational lifetime analysis when the pump laser beam was tightly focused, because
high order nonlinear processes may occur for the KSCN solution which may affect the
vibrational lifetime analysis. Alternatively, for the vibrational lifetime analysis, we
defocused the pump laser beam to eliminate the high order nonlinear processes and the
generated pump probe signals are significantly attenuated.
For solution B, the calculation parameters are:
=
=
=
k SCN − fast 1=
/ 1.5(ps −1 ); k SCN − slow 1 / 14.5
(ps −1 ); k S13C15 N − fast 1 / 1.1
(ps −1 ); k S13C15 N − slow 1 / 15.0 (ps −1 );
=
kclu →iso 1=
/ 10 (ps −1 ); K=0.92; k SCN − → S13C15 N − 1 / 140 (ps −1 ); D=0.7

with pre-factors of the subgroups and offset of the single-exponential
=
ASCN − fast 0.15;
=
ASCN − slow 0.85;=
AS13C15 N − fast 0.10; =
AS13C15 N − slow 0.90;
=
offset 0

Solution C:
=
k SCN − fast 1/=
2.5 (ps −1 ); k SCN − slow 1/ 15.3
=
(ps −1 ); k S13C15 N − fast 1/ 2.1
=
(ps −1 ); k S13C15 N − slow 1/ 16.5 (ps −1 );
=
kclu →iso 1/=
6 (ps −1 ); K=0.51; k SCN − → S13C15 N − 1/ 140 (ps −1 ); D=0.7

with pre-factors of the subgroups and offset of the bi-exponential
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=
ASCN − fast 0.08;
=
ASCN − slow 0.92;=
AS13C15 N − fast 0.15; =
AS13C15 N − slow 0.85;
=
offset 0 .

Solution D:
=
k SCN − fast 1/=
1.26(ps −1 ); k SCN − slow 1/ 14.2
=
(ps −1 ); k S13C15 N − fast 1/ 1.3
=
(ps −1 ); k S13C15 N − slow 1/ 18.0 (ps −1 );
=
kclu →iso 1/=
10 (ps −1 ); K=0.82; k SCN − → S13C15 N − 1/ 140 (ps −1 ); D=0.7

with pre-factors of the subgroups and offset of the bi-exponential
=
=
=
=
ASCN − fast 0.085;
ASCN − slow 0.915;
AS13C15 N − fast 0.116;=
AS13C15 N − slow 0.884;
offset 0 .

Solution E:
=
k SCN − fast 1/=
1.7(ps −1 ); kSCN − slow 1/ 16.5
=
(ps −1 ); kS13C15 N − fast 1/ 2.6
=
(ps −1 ); kS13C15 N − slow 1/ 17.8 (ps −1 );
=
kclu →iso 1/=
10 (ps −1 ); K=0.60; kSCN − → S13C15 N − 1/ 145 (ps −1 ); D=0.7

with pre-factors of the subgroups and offset of the bi-exponential
=
ASCN − fast 0.04;
=
ASCN − slow 0.96;=
AS13C15 N − fast 0.17; =
AS13C15 N − slow 0.83;
=
offset 0

Solution F
=
kSCN − fast 1/1.26(
=
ps −1 ); kSCN − slow 1/13.0
=
(ps −1 ); kS13C15 N − fast 1/1.30
=
(ps −1 ); kS13C15 N − slow 1/13.1 (ps −1 );
=
kclu →iso 1/10
=
(ps −1 ); K=0.42; kSCN − → S13C15 N − 1/140 (ps −1 ); D=0.7

with pre-factors of the subgroups and offset of the bi-exponential
=
ASCN − fast 0.085;
=
ASCN − slow 0.915;
=
AS13C15 N − fast 0.116;=
AS13C15 N − slow 0.884;
=
offset 0

Solution G:
=
kSCN − fast 1/1.75(
=
ps −1 ); kSCN − slow 1/ 31.56
=
(ps −1 ); kS13C15 N − fast 1/ 2.11
=
(ps −1 ); kS13C15 N − slow 1/ 34.45 (ps −1 );
kclu →iso 1/10
(ps −1 ); K=1.85; kSCN − → S13C15 N − 1/140 (ps −1 ); D=0.7
=
=
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with pre-factors of the subgroups and offset of the bi-exponential
=
ASCN − fast 0.085;
=
ASCN − slow 0.915;
=
AS13C15 N − fast 0.116;=
AS13C15 N − slow 0.884;
=
offset 0

Solution H:
−1
−1
=
kSCN − fast 0(=
ps −1 );k SCN − slow 1/17.2 (ps=
); kS13C15 N − fast 0(ps=
); kS13C15 N − slow 1/16.2(ps −1 );

=
=
kclu →iso 1/10
(ps −1 ); K=0.85; kSCN − → S13C15 N − 1/140 (ps −1 ); D=0.7

with pre-factors of the subgroups and offset of the bi-exponential
A=
0.0; A=
1; AS13=
0; AS13=
1;=
offset 0
SCN − fast
SCN − slow
C15 N − fast
C15 N − slow

Solution J:
k SCN − fast 1=
/ 4.5 (ps −1 ); k SCN − slow 1 / 26.0
(ps −1 ); k S13C15 N − fast 1 / 4.0
(ps −1 ); k S13C15 N − slow 1 / 27.5 (ps −1 );
=
=
=
kclu →iso 1=
/ 10 (ps −1 ); K=1.28; k SCN − → S13C15 N − 1 / 140 (ps −1 ); D=0.7
=

with pre-factors of the subgroups and offset of the bi-exponential
=
ASCN − fast 0.12;
=
ASCN − slow 0.88;=
AS13C15 N − fast 0.08; =
AS13C15 N − slow 0.92;
=
offset 0

Solution K:
=
=
=
=
kSCN − fast 1/1.26(
ps −1 ); kSCN − slow 1/ 22.90
(ps −1 ); kS13C15 N − fast 1/1.3
(ps −1 ); kS13C15 N − slow 1/ 23.25 (ps −1 );
=
=
kclu →iso 1/10
(ps −1 ); K=1.0; kSCN − → S13C15 N − 1/140 (ps −1 ); D=0.7

with pre-factors of the subgroups and offset of the bi-exponential
=
ASCN − fast 0.085;
=
ASCN − slow 0.915;
=
AS13C15 N − fast 0.126;=
AS13C15 N − slow 0.874;
=
offset 0

Solution L:
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=
=
k SCN − fast 1=
/ 1.26 (ps −1 ); k SCN − slow 1 / 21.90
(ps −1 ); k S13C15 N − fast 1 /=
1.3 (ps −1 ); k S13C15 N − slow 1 / 29.0 (ps −1 );
=
kclu →iso 1=
/ 10 (ps −1 ); K=1.74; k SCN − → S13C15 N − 1 / 140 (ps −1 ); D=0.7

with pre-factors of the subgroups and offset of the bi-exponential
=
ASCN − fast 0.085;
=
ASCN − slow 0.915;
=
AS13C15 N − fast 0.116;=
AS13C15 N − slow 0.884;
=
offset 0

Solution M:
(ps −1 ); kSCN − slow 1/ 28.00
(ps −1 ); kS13C15 N − fast 1/1.3
(ps −1 ); kS13C15 N − slow 1/ 33.0 (ps −1 );
kSCN − fast 1/1.26
=
=
=
=
(ps −1 ); K=1.52; kSCN − → S13C15 N − 1/140 (ps −1 ); D=0.7
kclu →iso 1/10
=
=

with pre-factors of the subgroups and offset of the bi-exponential
=
=
=
=
ASCN − fast 0.085;
ASCN − slow 0.915;
AS13C15 N − fast 0.116;=
AS13C15 N − slow 0.884;
offset 0

Solution N:
=
k SCN − slow 1=
/ 20 (ps −1 ); k S13C15 N − slow 1 / 24.8 (ps −1 );
=
kclu →iso 1=
/ 10 (ps −1 ); K=1.05; k SCN − → S13C15 N − 1 / 140.0 (ps −1 );

with pre-factors of the subgroups and offset of the bi-exponential
=
ASCN − fast 0.0;=
ASCN − slow 1; A=
=
offset 0
0.0; A=
1.0;
S 13C15 N − fast
S 13C15 N − slow

Solution O:
/ 2.9(ps −1 ); k SCN − slow 1 / 19.70(
(ps −1 ); k S13C15 N − slow 1 / 21.98 (ps −1 );
k SCN − fast 1=
ps −1 ); k S13C15 N − fast 1 / 1.80
=
=
=
/ 10 (ps −1 ); K=1.10; k SCN − → S13C15 N − 1 / 140 (ps −1 ); D=0.7
kclu →iso 1=
=

with pre-factors of the subgroups and offset of the bi-exponential
=
ASCN − fast 0.10;
=
ASCN − slow 0.90;=
AS13C15 N − fast 0.14; =
AS13C15 N − slow 0.86;
=
offset 0
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Figure A5.1. Data and calculations of Solution A (4.0M KSCN/KS13C15N D2O
solution); Dots are data, and lines are calculations.
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Figure A5.2. Data and calculations of Solution B (Pro:KSCN:KS13C15N:D2O
=1:1:1:20). Dots are data, and lines are calculations.
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Figure A5.3. Data and calculations of Solution C (Pro:KSCN:KS13C15N:D2O
=2:1:1:20). Dots are data, and lines are calculations
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Figure A5.4. Data and calculations of Solution D
(Gly:KSCN:KS13C15N:D2O=1:1:1:20). Dots are data, and lines are calculations.
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Figure A5.5. Data and calculations of Solution E (Cys:KSCN:KS13C15N:D2O
=1:1:1:20). Dots are data, and lines are calculations.
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Figure A5.6. Data and calculations of Solution F (Lys:KSCN:KS13C15N:D2O
=1:1:1:20). Dots are data, and lines are calculations.
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Figure A5.7. Data and calculations of Solution G
(CH3COOK:KSCN:KS13C15N:D2O =2:1:1:20). Dots are data, and lines are calculations.
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Figure A5.8. Data and calculations of Solution H
(CH3NH3Cl:KSCN:KS13C15N:D2O =1:1:1:20). Dots are data, and lines are calculations.
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Figure A5.9. Data and calculations of Solution J (NMA:KSCN:KS13C15N:D2O
=2:1:1:20). Dots are data, and lines are calculations.
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Figure A5.10. Data and calculations of Solution K (NMA:KSCN:KS13C15N:D2O
=4:1:1:20). Dots are data, and lines are calculations.
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Figure A5.11. Data and calculations of Solution L
(Acetone:KSCN:KS13C15N:D2O =2:1:1:20). Dots are data, and lines are calculations.
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Figure A5.12. Data and calculations of Solution M (DMF:KSCN:KS13C15N:D2O
=2:1:1:20). Dots are data, and lines are calculations.
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Figure A5.13. Data and calculations of Solution N
(HCONH2:KSCN:KS13C15N:D2O =2:1:1:20). Dots are data, and lines are calculations.
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Figure A5.14. Data and calculations of Solution O
((C2H5)2NH:KSCN:KS13C15N:D2O =2:1:1:20). Dots are data, and lines are calculations.
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Figure A5.15. 2D IR spectrum at 30 ps of potassium-H2O-D2O (1:1:10) solution.
No OH induced heat effect is observed in peaks 5 and 7.
Equilibrium Constant Calculation
To quantitatively describe the relative binding affinity of the model compounds to the
thiocyanate anions, we constructed an equilibrium model to analyze the vibrational
energy exchange results. Using Solution C as an example, three types of thiocyanate
−
−
), hydrated ( SCN hydrated
)
anions coexist under chemical equilibrium: clustered ( SCN clustered
−
and proline-complexed ( SCN pro
). Two types of proline molecules coexist: hydrated (

prohydrated ) and thiocyanate-complexed ( proSCN − ).We defined these three species based

on the experimental observable – vibrational energy transfer: (1) those anions that can
transfer energy to other anions are defined as clustered; (2) those anions that can’t
transfer energy to other anions, which is caused by binding to water, are defined by
hydrated; (3) those anions that can’t transfer energy, which is caused by binding to model
compounds, are defined by compound-complexed. They are not directly related to the
physical contact. For example, some water molecules can directly contact S of SCN-, but
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these molecules can’t block the CN energy transfer. Therefore, these molecules are not
considered as those water molecules “hydrate” the SCN- in the model. The explanation
has

been

added

to

the

Appendix

to

clarify

this

issue.

The binding affinity between thiocyanate and proline is defined as
−
 SCN pro
 [ D2O ]
,
=
−
 SCN hydrated
  prohydrated 
n

K affinity

A5.1

from the following equilibrium,
−
−
SCN hydrated
+ prohydrated � SCN pro
+ nD2O .

A5.2

In the model, we considered the self-associated proline molecules as the hydrated
species. The total concentration of water was taken as constant since the amount of
additive is relatively small, leading to a constant concentration of hydrated thiocyanate
anions. In this approximation, proline/thiocyanate complexes in both water and ion
−
. The concentration
clusters are mathematically combined into one parameter: SCN pro

sum of proline-complexed and hydrated thiocyanate anions was obtained from the
vibrational energy exchange experiments, and the concentration of proline was known
beforehand. Eq.A5.2 is readily solvable with all these parameters known. The number of
water molecules in Eq.A5.2 was set to be 1 for comparison of the one-to-one binding
affinity.
All available Kaffnity values are listed in Table 5.3 in the main text. Two calculations
are showed in the following:
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Solution B: potassium thiocyanate-proline-D2O=1-0.5-10. The concentration of
potassium is 4M. Cluster ratio is 48%.
=
[SCN - ]total 4.00
=
M ;[Pro] total 2.00 M ;
∆ SCN - 
[D 2 O]Pro
K affinity =

= SCN -  = 4.00 − 1.92 − 1.32 = 0.76M;[D 2 O]total = 40.00 M ;
Pro
=[Pro]D2O =[ Pro ]total − [Pro]SCN- =2.00-0.76=1.24M;[D 2 O]Bulk =38.76M;
Cluster

SCN -  [D 2 O]Bulk 0.76 × 38.76
Pro
= = 18.00
[Pro]D2O [SCN - ]hydrated
1.24 ×1.32

Solution O: potassium thiocyanate-(C2H5)2NH-D2O=1-1-10. The concentration
of KSCN is 4M. Cluster ratio is 52%.
=
=
M ;[(C2 H 5 ) 2 NH] total 4.00 M ;
[SCN - ]total 4.00
∆ SCN - 

Cluster

= SCN - 
= 4.00 − 2.08 − 1.32 = 0.60M;[D 2 O]total = 40.00 M ;
(C2 H5 )2 NH

[D 2 O](C2 H5 )2 NH =[(C2 H 5 ) 2 NH]D2O =[ (C2 H 5 ) 2 NH ]total − [(C2 H 5 ) 2 NH]SCN- =4.00-0.60=3.40M;[D 2 O]Bulk = 36.60M;
=
K affinity

SCN - 

[D 2 O]Bulk
0.60 × 36.60
= = 4.89
[(C2 H 5 ) 2 NH]D2O [SCN - ]hydrated
3.40 ×1.32
(C2 H5 )2 NH

Table A5.1. Cluster ratios of different samples before IR cross section and
refractive index corrections
Samples

Cluster ratio

Solution A

67%±2%

Solution B

48%±4%

Solution C

34%±5%

Solution D

45%±4%
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Solution E

38%±5%

Solution F

30%±7%

Solution G

65%±4%

Solution H

46%±4%

Solution J

56%±4%

Solution K

50%±4%

Solution L

64%±4%

Solution M

61%±4%

Solution N

51%±4%

Solution O

52%±4%

Solution A (Pro:KSCN:KS13C15N:D2O =0:1:1:20);
Solution B (Pro:KSCN:KS13C15N:D2O =1:1:1:20);
Solution C (Pro:KSCN:KS13C15N:D2O =2:1:1:20);
Solution D (Gly:KSCN:KS13C15N:D2O=1:1:1:20);
Solution E (Cys:KSCN:KS13C15N:D2O =1:1:1:20);
Solution F (Lys:KSCN:KS13C15N:D2O =1:1:1:20);
Solution G (CH3COOK:KSCN:KS13C15N:D2O =2:1:1:20);
Solution H (CH3NH3Cl:KSCN:KS13C15N:D2O =1:1:1:20);
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Solution J (NMA:KSCN:KS13C15N:D2O =2:1:1:20);
Solution K (NMA:KSCN:KS13C15N:D2O =4:1:1:20);
Solution L (Acetone:KSCN:KS13C15N:D2O =2:1:1:20);
Solution M (DMF:KSCN:KS13C15N:D2O =2:1:1:20);
Solution N (HCONH2:KSCN:KS13C15N:D2O =2:1:1:20);
Solution O ((C2H5)2NH:KSCN:KS13C15N:D2O =2:1:1:20);

30ps

30ps

NMA

NMP

30ps
FMA

8

Figure A5.16. 2D IR spectra at 30 ps of potassium aqueous solutions with the
same amount of model compounds: NMA (CH3CONHCH3), NMP (HCONHCH3), and
FMA (HCONH2). With the number of CH3 group decreasing, the intensity of peak 8 also
decreases, indicating the insignificance of the CH3 group binding to the anion. We also
notice that beside the N-H group, the amide bond (CO-N) also plays a role in binding to
the anion, as shown in the quantitative analyses in Table A5.1.
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Chapter 6

Ion Association in Aqueous
Solutions Probed through
Vibrational Energy Transfers
among Cation, Anion and Water
Molecules

This chapter was entirely copied from reference 1.

This chapter I will introduce the vibrational energy transfer from donor to
acceptor by mediation of combination band. This energy transfer method is used as
probing the formation of ion pair in aqueous solution(1).
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6.1. Introduction
A majority of chemical and biological processes in nature occur in aqueous
electrolyte solutions.(2, 3) The history of research on the properties of the aqueous
solutions has been much longer than 100 years.(4-7) The Debye-Huckel theory is very
reliable in describing the structures and dynamics for extremely dilute solutions.(8)
However, the theory is severely restricted from the difficulties it has in explaining
experimental results at higher concentrations which are commonly found in practical
situations, e.g. batteries, fuel cells, salt crystallizations, and the formations of natural
mineral compounds. In concentrated solutions, both water/ion interactions and ion/ion
interactions play significant roles, and therefore essentially every problem is a manybody problem. The complexity and practical importance of concentrated electrolyte
aqueous solutions have drawn many research interests and also raised many open
questions concerning their microscopic structures and dynamics.(2, 4, 9-14)
Recently, through vibrational energy transfer measurements, we have found that
substantial amounts of ions form ion clusters in the KSCN aqueous solutions of 2M
~10M. In the experiments, both the nonresonant and resonant energy transfers among the
SCN- and S13C15N- anions in aqueous solutions were detected at various delays. From the
measured energy transfer kinetics, both the cluster size and the cluster concentration were
derived. In addition, the energy transfer rate between SCN- and S13C15N- anions in the
saturated solution was found to be the same as that in the potassium thiocyanate crystal at
the same temperature (room temperature), further confirming the ion clustering observed
in the solutions and the similarity of some properties between the ion clusters and the
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crystal. However, in these previous experiments, we did not have an internal calibration
for the distance between two anions. In other words, we did not use the same method to
directly compare the relative distances among the anion, cation, and water molecules in
the same solutions to remove the systematic error of the method itself, mainly because
the cation K+ cannot provide any detectible vibrational signal in our experiments.
In this work, we used NH4+ to replace K+ and therefore we were able to measure
energy transfers between the anion SCN- and the cation NH4+ through and the CN
stretching mode and the NH bending mode, between the anion SCN- and the water
through the CN stretching mode and the HOH bending mode, and between the water
molecules and the cation NH4+ through the HOH bending mode and the NH bending
mode. By comparing the energy transfers among these species in the KSCN/H2O (1/10
molar ratio) solution and the NH4SCN/H2O (1/10 molar ratio) solution, and other
solutions with different ion concentrations, we obtained clear evidence that ~60% of the
SCN- anions in the NH4SCN/H2O (1/10 molar ratio) solution have direct contact with the
NH4+ cations.

6.2. Experimental Section
The experimental setup has been described in chapter 2. D2O was purchased from
C/D/N Isotopes Inc. KSCN, NH4SCN and NH4Br were purchased from Aldrich and used
as received. The liquid samples, used for the experimental measurements, were contained
in a sample cell composed of two CaF2 windows separated by a Teflon spacer. The
thickness of the spacer was adjusted accordingly to the optical densities. The
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experimental optical path and apparatus were purged with dry air free of CO2. All of the
measurements were carried out at room temperature (297K).
The structural and vibrational calculations were carried out as implemented in the
Gaussian 2009 program suite.(15) The level and basis set used were Becke’s 3-parameter
hybrid functional combined with the Lee-Yang-Parr correction functional, abbreviated as
B3LYP, and 6-311+G(d,p). Both isolated molecules and molecules in solvent (water)
with the CPCM model were calculated.

6.3. Results and Discussions
6.3.1. Vibrational Energy Dynamics of the KSCN/H2O (1/10) Solution
6.3.1.1. CN to OH Energy Transfer Time Is 3.1 ps

Figure 6.1 FTIR spectra of (A) KSCN/H2O (1/10 molar ratio) and KSCN/D2O (1/10)
solutions. (B) pure H2O. (C) the NH4SCN/H2O (1/10 molar ratio) solution (red), the
KSCN/H2O (1/10) solution (black) and the NH4Br/H2O (1/10 molar ratio) solution
(green). The samples with a thickness of 3.0 micrometers were measured within the range
of 1100-2200cm-1.The CN intensity was normalized to 1.
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Fig.6.1A display the FTIR spectra of the KSCN/H2O (1/10 molar ratio) solution
and the KSCN/D2O (1/10 molar ratio) solution. Based on DFT calculations, the peak at
2066 cm-1 is assigned to the CN stretching mode of SCN-. The peak at 1636 cm-1 is
assigned to the HOH bending mode of H2O, which is also shown in Fig. 6.1B. In the D2O
solution, the bending mode shifts to a lower frequency 1203 cm-1 because of deuterium's
heavier mass. Fig.6.1 C display the FTIR spectra of the KSCN/H2O (1/10 molar ratio)
solution, the NH4SCN/H2O (1/10 molar ratio) solution and the NH4Br/H2O (1/10 molar
ratio) solution. The 1450cm-1 peak is assigned as NH bending mode. Peak C means the
combination band of NH4+, and the peak C’ means the combination band comes from
water.
The vibrational frequency differences between D2O and H2O have a dramatic
effect on the vibrational dynamics of the CN stretch of SCN- dissolved in them. The
lifetime of its 1st vibrational excited state drops from 23 ± 2 ps in the D2O solution to only

2.8 ± 0.2 ps in the H2O solution. Vibrational energy exchange measurements in Fig. 2&3
show that 90% (population ratio based on the measured rate constants) of the initial
excitation of the CN stretch is transferred to the HOH bending with a time constant

3.1 ± 0.2 ps in the KSCN/H2O solution. The result suggests that the relaxation of the
excited CN stretch is six times faster in the H2O solution than in the D2O solution. This is
primarily caused by the energy transfer from the CN stretch to the HOH bending mode of
H2O. In the following discussion, the analysis of energy kinetics is presented.
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Figure 6.2 Waiting time dependent 2D IR spectra of the KSCN/H2O (1/10 molar ratio)
solution. The 2060cm-1 pump power is 7.3 mW. The 1640cm-1pump power is 5.5 mW.
Intensities of CN peaks are divided by 30 times for clear display.

Fig.6.2 displays the waiting time dependent 2D IR spectra of the KSCN/H2O
(1/10 molar ratio) solution. . The peaks' appearances in the spectra are very similar to
those of the vibrational energy transfer spectra investigated before. The peak generation
mechanism has been conscientiously described in our previous publications.(16-18) Here,
only a brief explanation is provided. At time zero, only the diagonal peak pairs show up.
The red peak
1 at ( ω1 2066
cm −1 , ω3 2066cm −1 ) is the 0-1 transition of the CN stretch,
=
=
and the blue peak
2 at ( ω1 2066
=
=
cm −1 , ω3 2035cm −1 ) is the 1-2 transition of the CN
stretch. The red peak 3 at ( ω1 = 1636cm −1 , ω3 = 1636cm −1 ) is the 0-1 transition of the HOH
bending, and the blue peak 4 at ( ω1 = 1636cm −1 , ω3 = 1580cm −1 ) is the 1-2 transition of
the HOH bending. With the increase of waiting time to 1ps, vibrational energy begins to
exchange. The energy transfer from the CN stretch down to the HOH bending produces
−1
cross peak=
pairs 5 ( ω1 2066
) & 6 ( ω1 2066
cm −1 , ω3 1636cm=
cm −1 , ω3 1580cm −1 ).
=
=
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According to the detailed balance principle, the rate of energy transfer from the HOH
bending up to the CN stretch is only 13% ( e

2066 −1636
200

−

= 0.13 ) of that of the energy down-

flowing process. The transfer is too slow to be experimentally observed at 1ps. However,
because the vibrational lifetime of HOH bending is only ~0.8ps, at waiting time 1ps,
some of the HOH bending excitation has relaxed into heat and produced the cross peaks
in the frequency =
range of ω1 1636
=
cm −1 , ω3 2030 ~ 2090cm −1 . When the waiting time
increases to 100ps, most of the OH and CN vibrational excitations have relaxed into heat
because of their short lifetimes. The peaks in the 100 ps spectrum are the results of heat
induced absorption (blue) or bleaching (red), as observed in other systems.(16) The heat
induced peaks have different frequencies from the normal 0-1 and 1-2 transition
frequencies, as shown in Fig.6.2. The frequency difference allows the pure vibrational
energy transfer from CN to OH and vibrational relaxation information to be extracted
from the somewhat overlapped signals by removing the heat effect from the overall
signals at the CN and OH 0-1 or 1-2 transition frequencies.(16)
To quantitatively analyze the energy transfer kinetics from the CN stretch to the
HOH bending, the vibrational relaxations of the HOH bending and the CN stretch and the
energy transfer between them were simultaneously analyzed with the vibrational energy
exchange model previously developed, as shown in scheme 1:
kCN
KOH
CN →OH

←
CN 
OH 
→
k
k

OH →CN

Scheme 1

.
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In the model, the excitations of CN and OH can exchange, and both of them decay
with their own vibrational lifetimes (

1
kOH

and

1
) which were independently measured.
kCN

The time dependent CN excited population [CN] is the normalized intensity of Peak 1.
The time dependent OH excited population [OH] is the normalized intensity of Peak 3.
The time dependent energy transfer population from CN to OH is the normalized
intensity of the cross Peak 5. All data are rotation-free. The energy transfer rate constant
ratio

kOH →CN
= 0.13 is determined by the detailed balance principle. Therefore, there is
kCN →OH

only one unknown parameter, the energy transfer rate constant kCN →OH , in the analysis.
Calculations yield

1
kCN →OH

= 3.1 ± 0.2 ps with parameters

1
kOH

= 0.9 ps , and

1
= 30 ps
kCN

. The normalized population means the percentage of donor that transfer to the acceptor.
The calculation results fit the experimental data very well, as shown in Fig.6.3. In the
calculation, we allowed the vibrational lifetime

1
of CN to vary by about 50% from
kCN

the lifetime 23 ps determined in the D2O solution, because it is not immediately clear
what its exact lifetime would be in H2O without the influence of the HOH bending. The
HOH bending lifetime

1
kOH

is only allowed to vary by 20% from the determined ~0.8 ps

in H2O, because we assume that the very fast relaxation must be mainly caused by
intramolecular couplings which should be bigger than the influence of KSCN.
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Figure 6.3(A) The time dependent populations of the 1st excited states of CN stretch and
HOH bending, and (B) the CN to OH energy transfer in the KSCN/H2O (1/10) solution
(pump 2060cm-1, probe 1637cm-1). The dots represent our data while the lines are the
calculations.

6.3.1.2. Combination Band C’ is Probably Involved in the CN/OH Energy
Transfer
As discussed above, in the KSCN/H2O (1/10 molar ratio) solution, the energy
transfer time constant from the CN stretch to the HOH bending is

1
kCN →OH

= 3.1 ± 0.2 ps .

The apparent vibrational lifetime of the CN stretch in this solution is determined to be

2.8 ± 0.2 ps , indicating that ~90% (

1 1
/
) of the initial CN excitation transfers to the
3.1 2.8

HOH bending of the water molecule. Compared to this relatively short lifetime in H2O,
its lifetime, 23 ± 2 ps , in D2O is much longer. If the detected

1
kCN →OH

= 3.1 ± 0.2 ps in

H2O results from the direct transfer from CN to OH without going through a bridge state,
the outcome would indicate that the frequency shift of hydroxyl bending from 1636 cm-1
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(OH) to 1203 cm-1 (OD) significantly slows down the energy transfer between the SCNanions and the water molecules, if the dipole/dipole interaction mechanism dominates the
energy transfers. However, H2O has a combination band C’ at ~2100 cm-1 as shown in
Fig. 6.1B. It is possible that the CN excitation can first quasi-resonantly transfer to the
combination band C’ through the dipole/dipole interaction mechanism which seems to
hold for all intermolecular vibrational energy transfers we have investigated so far.(1618) Then the excitation can be transferred intramolecularly from this combination band to
the HOH bending through mechanisms other than the dipole/dipole interaction, e.g.
through bond or mechanical coupling. To further address this issue, the vibrational
energy transfer equation (eq.6.1) derived from our previous experiments(16-18) and the
dipole/dipole interaction equation (eq.6.2) were used:

1
2

k DA =

1+ e

∆ω
− DA
RT

β

tc

2

1
( ) 2 + (∆ωDA ) 2 + 4 β

2

tc

Equation 6.1

,
where k DA is the energy transfer rate constant from the donor (D) to the acceptor
(A). ∆ω DA = ω D − ω A is the frequency difference between the donor and the acceptor. R
is the gas constant. T is the temperature. β is the average coupling constant between D
and A. t c is the coupling fluctuation time. For all the room temperature liquids we
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studied so far, t c was found to be 2.0 ± 0.1 ps . This is at the same time scale as that of
solvent molecules reorganizing their configurations, corresponding to the molecular
binding enthalpy ~0.6 kcal/mol which is the same as the thermal energy at room
temperature.(19) (

1

tc

) 2 is a value in the energy or frequency unit corresponding to each

1

t c . ( ) 2 = 16.7 cm −1 for t c = 2 ps . The dipole/dipole interaction equation is
tc
 μD ⋅ μ A
(μ D ⋅ rDA )(μ A ⋅ rDA ) 
 3 −3

5
4πε 0 n  rDA
rDA

1

β
=

2

=

µ D µ Aκ

1
4πε 0 n

2

3
rDA

Equation 6.2

where ε 0 is the vacuum permittivity, n is the local refractive index of the media,

=
κ cos θ DA − 3cos θ D cos θ A , θ AD is the angle between the two transition dipole moments
and θ A and θ D are the angles between each transition moment and the vector connecting
them. μ D and μ A are the transition dipole moments of donor and acceptor, respectively.

rDA is the distance between the donor and acceptor.
If we assume that the refractive indexes, the couplings between the CN stretch
and the OH and OD bendings, and the coupling fluctuation times are all the same in the
D2O and H2O solutions, then the energy transfer time constant from the CN stretch to the
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OD bending would be ~13 ps based on the observed

1
kCN →OH

= 3.1 ± 0.2 ps , and eq.1

which had been examined to work well for energy transfer times from 6 ps to 120 ps with
isotope-labeled experiments.(18) Because the CN vibrational lifetime in D2O is 23 ps, it
is unlikely for

1
kCN →OD

to be faster than 23 ps. The above, as previously assumed,

estimated 13 ps is at least 100% faster. This can be deducted from two reasons: one is
that some assumptions in the estimation can be invalid, and two, in H2O, the CN
excitation can quickly transfer (because of quasi-resonance) to the combination band at
~2100 cm-1 and then transfer to the HOH bending through a different mechanism other
than the direct energy transfer from CN to OH. Based on eq.1&2, the transfer rate from
CN to the combination band C’ (resonant) is about 30 times faster than that directly from
the CN to the HOH bending, assuming that the only differences between these two
transfers are the transition dipole moments ( (

µOH 2
) = 10 ) and the energy mismatches (0
µcom

and 429 cm-1). D2O lacks such a bridge mechanism because it doesn’t have a
combination band where its frequency overlaps with that of the CN stretch. Therefore,
the CN stretch relaxes much slower in D2O. If we assume that the CN lifetime of 23ps in
D2O is mainly attributed by the relaxation to the OD bending, the direct CN/OH transfer
time in the H2O solution will be 5.5ps (the fast limit) according to Eq.6.1. Estimated by
the analysis, the transfer rate through the bridge mechanism is about 7.2ps (

1
1
1
=
+
). In pure H2O(20-22), the transfer of combination band C’ excitation to
3.1 5.5 7.2
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the HOH bending was not observed, probably because the transition dipole moment of
combination C’ is so weak that the energy transfer peak is too small to be observed.
In summary, in the KSCN/H2O (1/10 molar ratio) solution, ~90% of the CN
stretch 1st vibrational excited state excitation of the SCN- anions transfers to the HOH
bending mode of the solvent molecules with a time constant ~3.1 ps. In addition to the
direct the CN/OH energy transfer mechanism, it is also conceivable that the transfer can
be directed through a bridge mechanism where the H2O combination band at ~2100 cm-1
functions as a bridge state between the CN stretch and the HOH bending.
6.3.2. Vibrational energy dynamics of the NH4SCN/H2O (1/10) solution

A nuance from the KSCN/H2O (1/10) solution where only H2O molecules are the

intermolecular vibrational energy acceptors, in the NH4SCN/H2O (1/10) solution NH4+
can provide additional energy acceptors for the excited CN stretch from SCN-. Both its
combination band at ~2060 cm-1 and NH bending at 1460 cm-1 (see FTIR spectra in
Fig.6.1C) are the two most obvious energy accepting modes. If the molecules in the
solutions are randomly distributed and can fast switch their locations, the vibrational
relaxation of the CN stretch would be expected to be faster in the NH4SCN solution than
in the KSCN solution because it has more energy acceptors. In fact, experimentally the
vibrational relaxation (3.1ps) of CN stretch in the NH4SCN solution is actually a little
slower than that (2.8ps) in the KSCN solution. Vibrational energy exchange
measurements show that in the NH4SCN solution, the energy transfer from the CN stretch
to the HOH bending of H2O slow down (more than 50%) to 6.5ps from 3.1ps in the
KSCN solution, and the energy transfer from the CN stretch to the NH bending of NH4+
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takes a similar time of 7.4 ps. In other words, in the NH4SCN solution, only 48% of the
CN initial excitation is transferred to the HOH bending instead of ~90% in the KSCN
solution. 42% of the CN excitation is transferred to the NH bending, and the remaining
10% is transferred to other intra- and inter-molecular acceptors.
Fig.6.4 displays the 2D IR spectra of the KSCN/H2O (1/10) solution. Similar to
Fig.6.3, the diagonal peak pairs 1’&2’, 3’&4’, 5’&6’ belongs to the 0-1&1-2 transitions
of the CN stretch, the HOH bending, and the NH bending, respectively. Cross peak pairs
7’&8’ are from the vibrational energy transfer from CN to OH, and the heat effect
inducing HOH bending absorption change. The excitation frequency at 2066 cm-1
(Fig.6.4, 1ps) shows that the energy source of heat is from the initial CN excitation of
which one portion is remained in CN and one portion is transferred to OH. The
relaxations of both portions produce the heat effect at frequencies around peak 7’&8’.
The energy transfer and the heat effect produce peaks at slightly different frequencies.
Similarly, cross peak pairs 9’&10’ are from the vibrational coupling between CN and NH
and between combination band C and NH, the vibrational energy transfer from CN to NH
and from C to NH, and the heat effect inducing NH bending absorption change(23).
Cross peak pairs 11’&12’ are from the vibrational coupling between NH and OH, the
vibrational energy transfer from OH to NH, and the heat effect inducing NH bending
absorption change. The energy transfer from C to NH produces peaks at the same
frequencies as the transfer from CN to NH. In the CN/NH and CN/OH energy transfer
kinetic analysis, we removed the possible contributions of C to NH and OH transfers by
subtracting the signal of the NH4Br/H2O (1/10) solution from that of the NH4SCN/H2O
solution of the same concentration and the same NH bending optical density.
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Figure 6.4 Waiting time dependent 2D IR spectra of the NH4SCN/H2O (1/10) solution.
The 2060cm-1 pump power is 7.3 mW. The 1640cm-1pump power is 5.5 mW, and the
1450cm-1 pump power is 3.4 mW. Intensities of the CN peaks are divided 30 times for
clear display.

In the NH4SCN solution, two intermolecular acceptors, OH of H2O and NH of
NH4+, are competing for the CN excitation. In addition, the energy of OH and NH can
also exchange. The vibrational excitations of these modes also decay with their own
lifetimes. These dynamic processes are coupled to each other. It would be very
complicated to solve the completely coupled kinetic equations. However, the different
time scales of different processes allow us to decouple some of them: (1) the lifetime of
HOH bending is ~0.8ps, and the energy transfer time from OH to NH is 4ps. Therefore,
only ~12% of the HOH bending excitation will be transferred to the NH bending. (2)
because the frequency of NH bending is 186 cm-1 lower than that of the HOH bending,
the energy transfer rate from NH up to OH is only ~40% of the OH/NH down flowing
rate, ~10ps, which is much slower than the lifetime of either the HOH bending (0.8ps) or
the NH bending (1.3 ps). In other words, only a small portion of the OH or NH bending
vibrational excitation can exchange between them. Therefore, omitting the energy
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exchange between the OH and NH bendings in processing the energy transfers from CN
to OH and NH will not cause a big error. The kinetic equations are then simplified into
two sets of independent equations: one is for CN to NH, and the other is for CN to OH.
Each set is similar to that for the CN/OH transfer in the KSCN/H2O solution.

Figure 6.5(A) The time dependent populations of the 1st excited states of CN stretch and
HOH bending, (B) the CN to OH energy transfer(Pump 2060cm-1 probe 1637cm-1), (C)
the 1st excited states of CN stretch and NH bending, and (D) the CN to NH energy
transfer in the NH4SCN/H2O (1/10) solution(Pump 2060cm-1 probe 1410cm-1). Dots are
data, and lines are calculations.

Solving
1
kOH

the

= 0.8 ps , and

kinetic

equations

yield

1
kCN →OH

= 6.5 ± 0.5 ps with

parameters

1
1
1
= 5.9 ps , and
= 7.4 ± 0.5 ps with parameters
= 1.3 ps
kCN → NH
kCN
k NH
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, and

1
1
values were used because the relaxation of CN
= 5.3 ps . Different
kCN
kCN

includes three parts: (i) to NH, (ii) to OH, and (iii) to other modes (assumed to be 30ps).
In calculating either the CN/NH or the CN/OH energy transfer rate constant,

1
is the
kCN

sum of two contributions (to other modes + to OH or to NH). Calculations and
experimental results are shown in Fig.6.5. The results indicate that 48% of the CN
excitation flows to the HOH bending, and 42% flows to the NH bending. These results
can be immediately observed by directly comparing the normalized cross peak intensities
in Fig.4B. The CN/OH cross peak of the KSCN/H2O solution is about 100% larger than
that of the CN/OH cross peak of the NH4SCN solution which is of the similar size as that
of the CN/NH peak. The simple inspection on the peak intensity is consistent with the
quantitative analysis that about 100% more CN energy is transferred to the HOH bending
in the KSCN solution than in the NH4SCN solution.
6.3.3. NH4+ Competing with H2O to Bind to SCN-

The above energy transfer kinetic measurements show that the vibrational energy

transfer from the CN stretch of SCN- to the HOH bending of H2O in the KSCN/H2O
(1/10) solution is very efficient. ~90% of the CN excitation can be transferred to OH with
a time constant 3.1ps. However, in the NH4SCN/H2O (1/10) solution, the CN/OH energy
transfer efficiency drops for about one half to ~48% with a more than 100% slower time
constant 6.5 ps. The rest 42% which goes to OH in the KSCN solution now flows into the
NH bending of the NH4+. The most obvious explanation is that, NH4+ directly competes
with H2O for binding to SCN-. About 52%±5% (=(1/3.1-1/6.5)/(1/3.1)) of the H2O
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molecules of the SCN-/H2O binding sites in the KSCN solution are replaced by the NH4+
cations in the NH4SCN solution. Only 48%±5% of the SCN- anions remain bound to H2O
so that the CN/OH energy transfer time constant drops from 3.1ps to 6.5ps. The other
52±5% SCN- anions bind to the NH4+ cations, forming the CN/NH energy transfer
pathway with a time constant 7.4ps. However, before this conclusion can be finally
reached, a few concerns have to be addressed: (1) With the fact that in the 1/10
KSCN/H2O solution, K+ also binds to SCN-, does this binding affect the CN/OH energy
transfer? (2) Is it possible that the slowed down CN/OH energy transfer rate in the
NH4SCN solution is caused by the weakening of the interaction between SCN- and H2O
by the H2O/NH4+ interaction rather than the competition between NH4+ and H2O for
binding to SCN-? (3) Is it possible that the slowed down CN/OH energy transfer rate in
the NH4SCN solution is caused by the “forced contact” (the statistical chance based on
the number ratio for NH4+ cations to replace some H2O molecules to bind to SCN- )? (4)
Is it possible that the transition dipole moment of either the NH bending or C is much
larger than that of the OH bending or C’ where the energy prefers to transfer from SCNto NH4+ even if they are separated by a water molecule.
In the KSCN/H2O (1/10) solution, about 67% of the anions form clusters.(24) The
vibrational lifetime of CN stretch is 2.8 ± 0.2 ps . In a 0.5M KSCN solution
(KSCN/H2O=1/100) where less than 20% of the anions form clusters, the vibrational
lifetime of CN stretch is 2.5 ± 0.2 ps . In a 0.05 M KSCN H2O solution
(KSCN/H2O=1/1000), very few anions form clusters (the concentration is too low for our
method to detect any clusters) because of the low ion concentration. The vibrational
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lifetime of CN slightly decreases to 2.4 ± 0.2 ps (see Appendix). The results indicate that
the ion clustering does have a small effect on the CN/OH energy transfer. The effect can
come from two possible reasons. One is that the ion clustering can change the
environment of CN- anions so that the intramolecular relaxation of CN stretch can be
different. The other reason is that although the cation K+ cannot accept vibrational energy
from the CN excitation, its rotational time ~4.2ps is a little longer than the CN/OH
transfer time. This can probably force the clustered SCN- anions to spend extra time to
adjust positions in order to transfer energy to water. Nonetheless, the effect of ion
clustering is small. The CN/OH energy transfer time is changed for at most 14% from the
0.05M solution (

2.4ps and

1
kCN →OH

= 2.6 ps , estimated from the measured CN apparent lifetime

1
1
= 3.1 ps ).
= 30 ps ) to the 1/10 solution (
kCN →OH
kCN

Issues (2)&(4) are correlated to each other. The central question is whether the NH4+
can competitively surpass H2O for the CN excitation of SCN- even when NH4+ and SCNare separated by at least one water molecule. Here we analyze two extreme conditions.
One is that the CN/OH or CN/NH transfers are dominated by the bridge mechanism
through the fast CN/C’ or CN/C transfer, and the other is that the direct transfer
mechanism dominates the CN/OH or CN/NH transfer. From 1D and 2D IR
measurements, the transition dipole moment square ratio of C (the combination band of
NH4+ at ~2060 cm-1) to C’(the combination band of H2O at ~2100 cm-1) is

µC2
≅ 3.3 .
µC2 '

Because the spectra of both C and C’ severely overlap with that of the CN stretch, we
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consider both CN/C and CN/C’ transfers are resonant. From DFT calculations, the
distance between CN and C’ of a SCN--H2O-NH4+ trimer (Fig.6.6A) is ~3.3 angstrom
(from the CN bond center to O of H2O), and the CN/C distance is about 5.1 angstrom
(from the CN bond center to N of NH4+). If the other two factors in Eq.6.2, the local
refractive index and the cross angle of transition dipole moments which are
experimentally difficult to access, are assumed to be the same for both C and C’, the
energy transfer rate ratio between the CN/C’ transfer and the CN/C transfer is

kCN →C '
=4
kCN →C

, according to Eq.1&2. With a molar ratio of NH4+/H2O as 1/10 in the solution,
statistically, the chance for an NH4+ to stay as shown in Fig .5.6A, is only 1/10.
Therefore, the estimated ratio

kCN →C '
should be 40 instead of 4. The estimation suggests
kCN →C

that the chance for the NH4+ to out compete H2O for the CN excitation from SCN- if both
the SCN- and NH4+ are separated by a H2O molecule (like that in SCN--H2O-NH4+ trimer
form, as shown in Fig. 6.6A) is minute for the bridge mechanism. In addition, the
resonant energy transfer between C’ and C is too slow to be experimentally observed,
compared to the C/NH energy transfer. Detail experimental results are provided in Fig.
6.7. Simultaneously exciting C and C’ at 2066 cm-1 in the NH4Br/H2O (1/10 molar ratio)
solution does not produce any evidence of energy transfer to the HOH bending.
Absorption at ~1580 cm-1 (the most direct evidence of energy transferred to OH) which
corresponds to the OH 1-2 transition is not observed, similar to what happens for the pure
H2O sample. On the contrary, the excitation clearly produces absorption at ~1410 cm-1
which corresponds to the NH 1-2 transition, indicating energy has transferred to the NH
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bending. The results imply that the C and C’ energy exchange is very slow. Otherwise,
we would have been able to observe the energy transfer to OH. All the data are shown in
Fig. 6.7.

(A)

(D)

(B)

(E)

(C)

(F)

Figure 6.6 DFT calculation of different structures(A) Calculation of SCN--H2O-NH4+
trimer structure with the CPCM water solvent. (B) Calculation of the most stable SCN/H2O structure with the CPCM water solvent. (C) Calculation of the most stable SCN/NH4+ structure with the CPCM water solvent. (D)Calculation of the stable trimer
conformation with NH4+ directly bound to the CN group, ∆E =−13.9 kcal / mol (E)
Calculation of the stable trimer conformation with NH4+ directly bound to the CN group,
∆E =−13.4 kcal / mol ; (F) Calculation of the stable trimer conformation with NH4+
directly bound to the CN group , ∆E =−16.3 kcal / mol .
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Figure 6.7 Pump/probe spectra of NH4SCN/H2O(1/10), Pure H2O and
NH4Br/H2O(1/10).(A) Pump/probe spectra of the NH4SCN/H2O (1/10) solution by
exciting the OH bending 0-1 transition at two delays. The absorption at ~1580 cm-1 is the
OH bending 1-2 transition. (B) Pump/probe spectra of the NH4Br/H2O (1/10) solution by
exciting C and C’ at four delays. No absorption at ~1580 cm-1 is observed. (C)
Pump/probe spectra of the NH4SCN/H2O (1/10) solution by exciting the CN stretch, C
and C’ at four delays. The absorption at ~1580 cm-1 is clearly observed. (D) Pump/probe
spectra of pure H2O by exciting C’ at four delays. No apparent absorption at ~1580 cm-1
is observed. (E) Pump/probe spectra of the NH4SCN/H2O (1/10) solution by exciting the
NH bending 0-1 transition at two delays. The absorption at ~1410 cm-1 is the NH bending
1-2 transition. (F) Pump/probe spectra of the NH4Br/H2O (1/10) solution by exciting C
and C’ at 2066 cm-1 at four delays. The absorption at ~1410 cm-1 is clearly observed. (G)
Pump/probe spectra of the NH4SCN/H2O (1/10) solution by exciting the CN stretch, C
and C’ at 2066 cm-1 at four delays. The absorption at ~1410 cm-1 is also clearly
observed. (H) Time dependent rotational free pump/probe data of the NH4Br/H2O (1/10)
and NH4Br/H2O (1/10) solutions by exciting he CN stretch, C and C’ at 2066 cm-1 at four
delays and detecting at 1410 cm-1. The energy transfer is much more salient in the
NH4SCN/H2O solution. O.D. is optical density, also here means the pump probe signal.

If the CN/OH and CN/NH direct transfer mechanism dominates, we can directly
compare the abilities of OH and NH as the energy acceptor for the CN excitation based
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on eq.1&2 to estimate the possibility of energy transfer from SCN- to NH4+ separated by
at least one H2O molecule. From both the 1D and 2D IR measurements, the square ratio
from the NH/OH transition dipole moment was determined to be 5.5. The CN/NH energy
mismatch is 604 cm-1, larger than 428 cm-1 between CN and OH. According to DFT
calculations of the SCN-/H2O/NH4+ trimer, the orientation factor between CN and OH is
0.53, and that between CN and NH is 0.73. The CN/OH distance is 3.3 angstrom, and the
CN/NH distance is 5.1 angstrom. Based on these parameters and eq.1&2, the CN/OH and
CN/NH energy transfer rate ratio is

kCN →OH
= 2.7 . Again, because the NH4+/H2O ratio is
kCN → NH

1/10, the actual rate ratio would be 27 rather than 2.7. The estimation therefore suggests
that it is not likely for NH4+ to accept energy from CN more efficiently than the H2O
molecule sitting between it and SCN-. As measured (in Fig. 6.8), the energy transfer time
from HOH bending to NH bending is ~4.0ps, much slower than the OH lifetime 0.8 ps. It
is therefore not likely that the more than 100% slowed down CN/OH transfer in the
NH4SCN/H2O (compared to that in the 0.05M solution) is caused by the fast OH/NH
energy transfer.
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Figure 6.8 Experimental data (dots) and kinetic calculations (lines) for the OH to NH
energy transfer in the NH4SCN/H2O = 1/10 solution.

In summary, the above analysis shows that it is not likely for NH4+ to block
energy transfer from SCN- to H2O without forming SCN-/NH4+ direct contact. The
“forced contact” because of the high concentration is not a likely reason either. In the
NH4SCN/H2O (1/10) solution, the NH/OH ratio is 1/5. If the “forced contact” is the
reason, the CN/OH transfer rate would only slow down for only 16%±2% from 2.6ps in
the 0.05M solution to 3.1ps rather than 6.5ps observed in the NH4SCN/H2O (1/10)
solution.
6.3.4. SCN-/NH4+ binding affinity relative to SCN-/H2O

If we assume that the 2.4ps apparent lifetime of the CN stretch in the 0.05M

KSCN solution is contributed by two parts. One is the CN/OH energy transfer pathway
with a time constant 2.6ps, and the other is the sum of all other pathways with a time
constant 30ps which was measured from the KSCN 1/10 aqueous solutions. Because
most of the SCN- anions are surrounded by water molecules in the 0.05M solution, and
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the slowdown of CN/OH energy transfer in the NH4SCN/H2O (1/10) solution is caused
by the competing binding of NH4+ to SCN-, the SCN-/NH4+ binding affinity relative to
that of SCN-/H2O can be obtained by comparing the CN/OH energy transfer rate
constants in the 0.05M KSCN solution and the NH4SCN/H2O (1/10) solution. Based on
the CN/OH energy transfer time constants 2.6ps and 6.5ps, and the H2O/NH4+ population
ratio 10/1, the ability of NH4+ bound to SCN- is calculated to be about 15 times (

(

1
1
1
−
) /( ) ×10 =
15 ) of that of water. In other words, in the NH4SCN/H2O (1/10)
2.6 6.5 6.5

solution, water molecules of 60% of the SCN-/H2O binding sites that would exist in the
0.05M solution are replaced by NH4+. Here we assume that replacement of H2O by NH4+
is one for one. The ratio is much higher than the 17% of NH4+/SCN- binding because of
the “forced contact”. The result indicates that the cation/anion binding in the aqueous
solutions is mainly because of the chemical nature of the solutions rather than the simple
“forced contact” because of the high concentration.
In our previous work,(18, 24) we found that 67% of the SCN- anions are
associated with other anions in a KSCN/D2O (1/10) solution through measuring the
nonresonant vibrational energy transfer among the SCN- and S13C15N- anions. In this
work, 60% of the NH4+ cations were found to directly bind to the SCN- anions in the
NH4SCN/H2O (1/10) solution. The two numbers are very close. However, in the two
experiments, the criteria of “association” or “binding” are different because of different
experimental observables. In this work, “binding” represents the direct interaction
between NH4+ and SCN- which can effectively block the H2O/SCN- binding. According
to DFT calculations with the CPCM water solvent, one H2O or NH4+ can form a very
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strong

H-bond

with

a

SCN-

anion

(

∆ESCN − / H O =
−5.4 kcal / mol

and

2

∆ESCN − / NH + =
−10.7 kcal / mol ), as shown in fig.6 B&C. We expect that the most efficient
4

CN/OH or CN/NH energy transfer pathway would possibly go through similar structures
as in fig.6 B&C because they have the shortest donor/acceptor distances, compared to
other less stable conformations. When one H2O, one NH4+, and one SCN- form a trimer
with NH4+ directly binding to the CN bond, calculations give three stable conformations,
displayed in Fig.6.6 D, E&F. In these conformations, conformation (E)-the least stable
among three and conformation (F) which is the most stable one, energy from CN
probably can’t efficiently transfer to H2O because the much larger CN/OH distances,
compared to that of the conformation in Fig.6.6B. In the conformation in fig.6D, energy
should be able to transfer from CN to OH because of the relative short distance.
However, it is 2.4 kcal less stable than the most stable conformation in fig.6F. At room
temperature, according to the Boltzmann distribution, the energy difference indicates that
conformation (F) will dominate (>90%). In the experiments presented in this work, what
we observed is the loss of effective CN/OH energy transfer pathways, and the creation of
CN/NH energy transfer pathways.

Structures like conformation (F) are probably those

producing such experimental observables. Therefore, “binding” in this work refers to the
direct SCN-/NH4+ interaction probably similar to conformation (F).
In our previous work,(18, 24), the “associated” ions were defined as anions which
could produce experimentally detectible vibrational energy transfer signal at the time
scale of ~100ps among the thiocyanate anions. Different from SCN-/H2O or SCN-/NH4+
where the binding sites for the H-bonds are relatively well defined, there are no obvious

208

binding sites for the thiocyanate anions to bind to each other. Therefore, we expect that
only if two thiocyanate anions are not completely separated by one or more water
molecules, in other words, some parts of the two anions have direct contact, they should
be able to exchange energy within the experimentally detectible time scale because the
long time scale (~100ps) allows larger variations of the anion/anion distances. The
definition can have many more possible conformations compared to the “binding”
definition in this work. However, the previous works was to measure the anion/anion
association, whereas this work is to measure cation/anion binding. In addition, NH4+ is
not necessarily the same as K+. The results from these two different systems might not be
quantitatively comparable. Nonetheless, both pieces of work point to the same general
conclusion: in concentrated strong electrolyte aqueous solutions, ions tend to associate
because of the detailed chemistry of the solutions, not the simple numerical statistical
“forced contact”.
6.3.5. Concentration Dependent Relative NH4+/SCN- Binding Affinity

If we assume that the replacements of anion-bound H2O molecules are by

the same amount of NH4+ cations, the chemical equilibrium in the system for one to one
replacement can be simply written as


→( SCN − / NH 4+ )complex + H 2O .
( SCN − / H 2O)complex + NH 4+ ←


Scheme (2)
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Its equilibrium constant, K =

[ H 2O][( SCN − / NH 4+ )complex ]

, is defined as the

[ NH 4+ ][( SCN − / H 2O)complex ]

relative NH4+/SCN- binding affinity. This assumption of one to one replacement can be
tested by the concentration dependent energy transfer measurements. Two more samples
of different ion concentrations with NH4SCN/H2O=1/5 and 1/25 (molar ratio) were
tested. (Data are shown in Figure 6.9 and Figure 6.10)
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Figure 6.9(A) The time dependent populations of the 1st excited states of CN stretch and
OH bending, (B) the CN to NH energy transfer, (C) the CN to OH energy transfer, and
(D) the OH to NH energy transfer in the NH4SCN/H2O (1/5) solution. Dots are data, and
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Figure 6.10(A) The time dependent populations of the 1st excited states of CN stretch and
OH bending, (B) the CN to NH energy transfer, (C) the OH to NH energy transfer , and
(D) the CN to OH energy transfer in the NH4SCN/H2O (1/25) solution. Dots are data,
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1
1
1
= 7.5
=
ps;
= 4.6 ps . Calculation
0.7 ps for the CN/OH transfer yields
k 'CN
k 'OH
k 'CN →OH
1
1
with parameters
= 0.8
=
ps;
1.5 ps for the OH/NH transfer yields
kOH
k NH
1
kOH → NH

= 9.5 ps .

Table 6.1 The energy transfer rate and the relative NH4+/SCN- binding affinity of
different concentration NH4SCN aqueous solutions.

Sample

CN/NH energy

CN/OH

the relative

transfer time constant

energy transfer

NH4+/SCN-

1
kCN → NH

( ps)

time constant
1
kCN →OH

binding affinity

( ps)

NH4SCNH2O=1-5

3.7

14

22

7.4

6.5

15

12

4.3

16

NH4SCNH2O=1-10

NH4SCNH2O=1-25
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As shown in table 6.1, the experiments show that in the NH4SCN/H2O=1/5
solution, the CN/NH energy transfer time constant is

energy transfer time constant is

1
kCN →OH

CN/NH energy transfer time constant is

time constant is

1
kCN →OH

1
kCN → NH

= 3.7 ps , and the CN/OH

= 14 ps . In the NH4SCN/H2O=1/25 solution, the
1
kCN → NH

= 12 ps , and the CN/OH energy transfer

= 4.3 ps . The CN/NH and CN/OH energy transfer time constants

can be simultaneously used to test the chemical equilibrium equation. Based on the
equilibrium equation in scheme 2, the CN/OH energy transfer time constant
1
kCN →OH

= 14 ps in the NH4SCN/H2O=1/5 solution yields the relative NH4+/SCN- binding

affinity K = 22 . The CN/OH energy transfer time constant of

1
kCN →OH

= 4.3 ps in the

NH4SCN/H2O=1/25 solution yields the relative NH4+/SCN- binding affinity K = 16 . The
affinity value in the 1/25 solution is very close to K = 15 in the 1/10 solution. The value
K = 22 in the 1/5 solution is obviously bigger than those in the more dilute solutions.

The CN/NH energy transfer time constants can also be used to derive the binding affinity.
In the 1/10 solution, the CN/NH energy transfer time constant is

1
kCN → NH

= 7.4 ps . If we

take K = 15 as determined, the CN/NH energy transfer time constant would be
1
kCN → NH

= 4.4 ps for a solution where SCN- exclusively binds to NH4+. In the 1/25

213

solution, the CN/NH energy transfer time constant

affinity K
=

1
kCN → NH

= 12 ps yields the binding

(1/12) /(1/ 4.4) × 25
= 15 . These two affinity values in the 1/10 and 1/25
(1 − (1/12) /(1/ 4.4)) ×1

solutions are the same, consistent with the results from the CN/OH energy transfer
measurements. However, in the 1/5 solution, the CN/NH energy transfer time constant
1

= 3.7 ± 0.4 ps is faster than the derived

kCN → NH

1
kCN → NH

= 4.4 ps for the 100% SCN-

/NH4+ binding based on K = 15 .This is surprising. The measured CN/NH energy transfer
time constant implies more than 100% SCN-/NH4+ binding if the SCN-/NH4+ binding
structure remains the same in the 1/10 and 1/5 solutions. This is simply impossible. The
very likely reason is that the SCN-/NH4+ binding structure has changed in the 1/5
solution, compared to those in the 1/10 or 1/25 solution. Similar to the KSCN aqueous
solutions16, in the 1/5 NH4SCN solution, the resonant energy transfer among the anions is
fast, with a time constant 3~4ps, indicating significant ion clustering. In the 1/25 and 1/10
NH4SCN solutions, the resonant energy transfer rates among the anions are slower than
that in the 1/5 solution, indicating fewer and smaller ion clusters in these two dilute
solutions. It is conceivable that ion clustering can modify the cation/anion complex
structures in the solutions because the local environments of the cation/anion complexes
are different. According to DFT calculations, the CN/NH vibrational cross angles of the
dimer and trimer displayed in Fig.6.6B&6F in water are bigger than 600. If the angle
changes to 00, according to Eq.6.2, the CN/NH energy transfer rate can be increased for
more than 100%.
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In summary, both the CN/OH and the CN/NH energy transfer measurements in
the two relatively dilute NH4SCN (1/25 and 1/10) aqueous solutions give the same
NH4+/SCN- binding affinity K= 15 ± 1 , thus, supporting the assumption of a one to one
NH4+/H2O replacement. In the concentrated NH4SCN/H2O=1/5 solution, both the CN/OH
and the CN/NH energy transfer measurements show significant deviations (bigger
NH4+/SCN- binding affinity values) compared to the results of the two dilute solutions.
We attribute the deviations to the possible cation/anion complex structural changes
because of ion clustering.

6.4. Concluding Remarks
The vibrational energy transfers among the cation (NH4+), anion (SCN-) and water
solvent (H2O) in three NH4SCN/H2O (=1/25, 1/10, and 1/5) solutions were
simultaneously measured. It was found that in the solutions, NH4+ cations can directly
bind to SCN- anions. In the two relatively dilute (1/10, and 1/25) solutions, the
NH4+/SCN- binding affinity (compared to that of H2O/SCN-) is ~15. The value indicates
that ~60% of the cations directly bind to the anions in the 1/10 NH4SCN/H2O solution,
and ~38% of the cations directly bind to the anions in the 1/25 NH4SCN/H2O solution. In
the concentrated NH4SCN/H2O=1/5 solution, the NH4+/SCN- binding affinity was
determined to be larger than 15. The deviation in this concentrated solution was attributed
to the probable structural changes in the solution because of significant ion clustering.
We anticipate that the approach of simultaneously measuring energy transfers from one
donor to competing acceptors as demonstrated in this work would be useful in other
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applications for determining short range (<1nm) and transient (<1ns) intermolecular
distances. We also urge precautions where many factors besides the donor/acceptor
distance can also affect the vibrational energy transfer kinetics, e.g. energy mismatch,
transition dipole moment, donor/acceptor relative orientation, local refractive indexes,
and overlapping of combination band. Many control experiments must be conducted
before quantitative results can be obtained.
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Appendix 6
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Figure A6.1. Experimental data (dots) and fitting (lines) for the SCNvibrational relaxation (1-2 transition) in the 0.05M KSCN H2O solution. The SCNlifetime is determined to be 2.4 ± 0.2 ps .
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Figure A6.2. Vibrational decays of the CN stretch 1st excited state in the
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Figure A6.3. (A). The Normalized Pump Probe signal for Peak 1 and Peak 2. (B)
The Normalized Pump Probe signal for peak 3 and 4. The maxium intensity was
normalized to 1.
We introduced the instrument response function (IRF) as a Gaussian function
=
i (t )

1
exp(− ln 2 ⋅ (2(t − t0 ) / ∆) 2 )
∆ 2p

(S1)
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where t0 represents the zero point, ∆ is full width at half maximum (FWHM)

of the IRF, and ∆ = ∆ / (2 2 ln 2) . During the simulation, ∆ was fixed as 0.7 ps which
is estimated from the cross-correlation curve between the ps pump and fs probe
pulses through sum frequency generation (SFG) method (see Figure A6.4).

The convolution of an exponential function with this IRF results in an analytical

expression (1):

c(t ; k , t0 , ∆=
) exp(−kt ) ⊕ i (t )
t − (t0 + k ∆ 2 )
k ∆ 2
1
= exp(−kt ) exp(k (t0 +
)){1 + erf (
)}
2
2
2∆

where

erf ( x) =

2

π

k

∫

x

0

is

the

rate

constant,

e − t dt is the error function.
2

⊕

indicates

convolution,

(S2)
and

For any analytical expression that was used to simulate the pump/probe results,

we substituted c(t ; k , µ , ∆) for all the exponential functions to take into account the

IRF.

The life time of HOH bending vibration relaxation time was fitted as 0.8ps with

consideration of IRF. The result is a little slower than the reported value 170fs. (2-3)

Another group also showed that the OH bending vibrational lifetime was 400fs.(4)

The difference between our data and their data is mainly due to the heat effect
processing. In this paper, we assume that heat would increase at very early time. So,
we define the single exponent heat increasing with waiting time: 1-exp(-T/1.0). The
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OH bending relaxation time was 0.8ps. The result was shown in Figure A6.5. If no

any heat subtraction, the OH bending lifetime was 0.2ps. The result was shown in
Figure A6.5B.

The IRF would affect the intensity of diagonal peaks, and then affect the transition

dipole moment ratio which is used in our normalization for energy transfer peaks. In

order to keep the consistence, the energy transfer peaks from CN to HOH bending
were divided by 1.05 compare with the no IRF situation. Figure A6-A10 show the
fitting parameters with and without IRF.
-7
Gaussian Width = 0.8ps
fs and ps OPA
cross-correlation

SFG (NIR) Intensity

-6
-5
-4
-3
-2
-1
0
-2

-1

0

1

2

Delay Time (ps)

Figure A6.4. The cross-correlation curve between the ps pump and fs probe
pulses obtained by measuring the SFG signal of the two pulses in AgGaS2 crystal.
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Figure A6.5. The OH bending dyanmic with consideration of IRF 0.7ps. (A)
Experiment data with subtraction of heat. Heat increasing rate is assumed as : 1-exp(T/1.0). The OH bending relaxation time is 0.8ps. (B) Experiment data without
subtraction of heat. The OH bending relaxation time is 0.2ps. Dots are the experiment
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Figure A6.6. The fitting curves for energy transfer peak for solution (KSCNH2O=1-10).
Dots are the experiment data, and lines are the fitting results. Calculation with
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