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In comparison to other molecular liquids, in water and alcohols, hydrogen bond (HB) network
structures are formed among the molecules. Due to the collective motions of molecules, such as
formation and dissociation of the HBs, the HB network structure is continuously evolving in time.
Because this structural fluctuation causes the fluctuations in solute-solvent interactions, the static and
dynamic properties of solutes (e.g. free energy surface, structural dynamics efc.) are significantly
affected in hydrogen-bonding liquids. Consequently, in order to understand the mechanism of
chemical reactions in hydrogen-bonding liquids, microscopic information on solute-solvent
interactions and solvation dynamics around the solutes is indispensable.

It is well known that vibrational frequency of a solute is very sensitive to the change in the
local environment around the solute (e.g. solute-solvent interaction and solvation structure). Therefore,
femtosecond nonlinear infrared (IR) spectroscopy provides us rich information on solute-solvent
interaction and molecular dynamics in solution. Generally, vibrational dynamics of a solute in solution
can be categorized as the following three processes: (i) vibrational energy relaxation (VER), (ii)
rotational relaxation, and (iii) frequency fluctuation. We can observe the first two vibrational dynamics
by IR pump-probe spectroscopy and the third one by two-dimensional IR (2D-IR) spectroscopy. In
this thesis, I investigated the vibrational dynamics of solutes in water and alcohols by IR pump-probe
and two-dimensional IR (2D-IR) spectroscopies. Especially, by focusing on the molecular properties
of a solute (e.g. charge distributions, hydrophobic and hydrophilic groups, structural degrees of
freedom etc.), I revealed the solute-dependence of the experimentally observed vibrational dynamics
in hydrogen-bonding liquids.

This thesis is composed as follows. In Chapter 1, I described the purpose of this thesis and
background for the vibrational dynamics of a solute in solution. In Chapter2, as theoretical and
experimental. backgrounds of 2D-IR spectroscopy, I derived the mathematical expression of 2D-IR

spectra by using the time-dependent perturbation theory. In Chapter 3, I summarized ultrashort mid-
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IR pulse generation method and optical setup for 2D-IR measurements. Following these three chapters,
I described all the results obtained in this study from Chapter 4 to Chapter 8.

In Chapter 4, by using 2D-IR spectroscopy, I experimentally investigated the vibrational
frequency fluctuations of 2-nitro-5-thiocyanate benzoic acid (abbreviated as NTBA) and thiocyanate
anion (abbreviated as SCN") in HyO. The charge distributions in the vibrational probes of NTBA and
SCN- are different; while SCN- is negatively charged, the vibrational probe of an SCN group of NTBA
is electrically neutral in part. Therefore, SCN™ is expected to possess stronger solute-solvent
interactions than NTBA. Furthermore, since the SCN group of NTBA is attached to the hydrophobic
group of an aromatic ring, one can expect that the hydration structure and water dynamics in the
vicinity of the SCN group of NTBA are different from those around SCN™. Consequently, the
dependence of the SCN vibrational frequency fluctuations on the electric properties and hydrophobic
effect can be examined. From the results of the 2D-IR measurements for NTBA and SCN~ in H,0, 1
revealed that, regardless the difference in molecular properties between the vibrational probe
molecules, the SCN vibrational frequency fluctuations of both the vibrational probe molecules are
characterized by similar time constants of approximately 1 ps.

In Chapter 5, in order to understand the molecular origin of the experimentally observed

slow SCN vibrational frequency fluctuations (i.e. 1-ps SCN vibrational frequency fluctuations) of

NTBA and SCN- in H0, [ performed classical MD simulations and related theoretical analyses for

these systems. To obtain deeper information on local environment around NTBA and SCN™ in H20, |
investigated the hydration structure around the vibrational probe and solute-solvent HB dynamics.
Reflecting the difference in charge distributio\ns in the vibrational probes of the vibrational probe
molecules, 1 found that SCN- possesses more organized hydration structure than the SCN group of
NTBA. Moreover, by calculating the HB correlation functions for NTBA/water and SCN~/water

systems, I revealed that SCN- forms relatively stronger HB with surrounding water molecules than

(JLEITH : NO. 3)

NTBA. Moreover, based on the vibrational solvatochromism theory, I theoretically examined the SCN
vibrational frequency fluctuations of NTBA and SCN™ in H10. By calculating the spatially-resolved
SCN vibrational frequency fluctuations, I elucidated that NTBA feels electrostatic interactions from
water molecules beyond its first h.ydration shell (approxfmately up to 7.0 A away from the solute). I
conclude that the electrostatic interactions with such “bulk-like” water molecules are considered to be
responsible for the 1-ps SCN vibrational frequency fluctuations of NTBA in H20. On the other hand,
by calculating the radial-dependence of the electrostatic potential on SCN-, I found that the SCN
vibrational frequency fluctuations of the ion in HO are almost dominated by the electrostatic
interactions with water molecules within its first and second hydration shell (< ~5 A from the ion),
which is considered to result from the ficld-screening effect by the water molecules. By calculating
the normalized total dipole moment time correlation function, 1 revealed that the collective motion of
water molecules in the first and second hydration shell is similar to that in bulk. Moreover, by
calculating the HB correlation function for water pairs in the first hydration shell of SCN-, I elucidated
that the HB dynamics between the water molecules is nearly bulk-like. Based on these result, 1
conclude that the slow SCN vibrational frequency fluctuations of SCN- reflect the structural
fluctuations of the HB network through interactions with water molecules directly hydrogen-bonded
to the ion.

In Chapter 6, 1 examined the vibrational dynamics of two different N3-derivatized amino
acids, Boc-3-azide-Ala-OH (dicyclohexylammonium) salt (abbreviated as Ni-Ala) and N-Boc-cis-4-
azide-L-préline (dicyclohexylammonium) salt (abbreviated as N3-Pro), and azide anion (abbreviated
as N37) in H,O. Same as Chapter 4, by comparing the experimental results for the non-ionic vibrational
probe molecules (i.e. Ni-Ala and Ni-Pro) with those for ionic one (i.e. N37), I examined the
dependence of the vibrational dynamics on the electric properties of the vibrational probe molecules.

Moreover, while the N3 group of Ni-Ala connects to an alkyl chain, that of N3-Pro connects to a
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pyrrolidine ring. Therefore, I discussed the difference in the vibrational dynamics of N3-Ala and Na-
Pro from the viewpoint of the structural degrees of freedom around the N3 group. By using 2D-IR
spectroscopy, [ revealed that the N3 vibrational frequency fluctuations of Nj-Ala and N3-Pro in H;0O
can be characterized by time constants of approximately 1 ps, which is similar to that of N3~ in H,0.
Based on the fact that the N vibrational frequency fluctuations of N3~ in water are theoretically shown
to reflect the structural rearrangement of the HB network system, I conclude that those of Nj-Ala and
Ni3-Pro in H,O are also controlled by the same water dynamics around the vibrational prove molecules.
On the other hand, different from the N3 vibrational frequency fluctuations of N3~ in Hz0, those of the
two Ns-derivatized amino acids proceed slower than the observation time of 2 ps. I consider that this
frequency fluctuations are due to the hydration dynamics affected by the solutes and/or the structural
fluctuations of solutes. From the polarization-controlled IR pump-probe measurements for N3-Ala and
Ni-Pro in H20, I found that the anisotropy decay of N3-Ala is faster than that of N3-Pro, which may
indicate that structural flexibility around the N3 group plays an importance role for the internal
reorientation.

In Chapter 7, in order to obtain deeper understanding for the effects of the structural degrees
of freedom around a vibrational probe on the rotational relaxation process of a solute, I performed

anisotropy decay measurements for three different Ni-derivatized amino acids, Ni-Ala, Ni-Pro, and

N-Boc-6-azide-norleucine (dicyclohexylammonium) salt (abbreviated as N3-Nle), in primary 1- '

alcohol solutions (CH3(CH2),OH, » = 0 — 3). From the polarization-controlled IR pump-probe
measurements, | found that the anisotropy decays of the vibrational probe molecules in 1-alcohol
solutions possess three decay components due to inertial motion (< 100 fs), fast (sub-picosecond time
scale), and slow reorientational mc;tions (picosecond time scale). I found that the fast relaxation
component shows no solute-dependence. Therefore, based on the wobbling-in-a-cone model, I assign

the fast relaxation component to the local internal reorientation of the N3 group without interactions
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from the other intramolecular rotational motions. On the other hand, I elucidated that the slow
relaxation component exhibits clear solute-dependence: as the structural flexibility around the N3
group becomes higher, the anisotropy decay on picosecond time scale undergoes with a shorter time
constant. Based on the temperature-dependent anisotropy decay measurements for the N-derivatized
amino acids in 1-butanol, I assign the slow relaxation component to more global internal rotational
motion of the N3 groups group with interactions from the other intramolecular rotational motions (e.g.
rotational motions of alkyl chain).

In Chapter 8, I examined the CO vibrational frequency fluctuations of two different 9-
fluorenone-2-carboxylic acid (abbreviated as 9FL-2-COO~) and 9-oxofluorene-4-carboxylic acid
(abbreviated as 9FL-4-COO") in D;0 by 2D-IR spectroscopy. éince 9FL-2-COO~ possesses a COO™
group closer to the vibrational probe than 9FL-4-COOQ", compared to 9FL-4-COO™ in D,0, hydration
structure and water dynamics around the vibrational probe c:»f 9FL-2-COO" is expected to be strongly
influenced by the strong electrostatic interactions with the negatively charged COO~ group. Therefore,
from the viewpoint of the structural difference in the position of the COO™ group, I compared the CO
vibrational frequency fluctuations of 9FL-2-COO~ and 9FL-4-COO~ in D;O. Furthermore, the
vibrational probes of the two 9FL derivatives are neighboring to larger size of hydrophobic groups
(i.e. fluorene ring) than those of NTBA, N3-Ala, and Nj-Pro. Therefore, [ investigated the hydrophobic
effect of the fluorene ring on the CO vibrational frequency fluctuations of 9FL-2-COO"~ and 9FL-4-
COO™ in D;0. From the comparison of the 2D-I(R spectra between 9FL-2-COO™ and 9FL-4-COO™, |
found that the HB dynamics between the CO group of 9FL-2-COO™ and water molecules becomes
slower than that between 9FL-4-COO™ and water molecules. I conclude that the difference in the
solute-solvent HB dynamics is likely due to the formation of bridged-type HBs among CO group,
COO~ group, and a water molecule. From the 2D-IR experiment for 9FL-4-COO" in D20, I found that

the solute exhibits the CO vibrational frequency fluctuations with a time constant of 2.8 ps, which is
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relatively slower than the vibrational frequency fluctuations of the other systems in this study (i.e.
NTBA/water, Na-Ala/water, and N3-Pro/water sysfcms). As one possible origin of the slower CO
vibrational frequency fluctuations of 9FL-4-COO™ in DO, I consider that the CO vibrational
frequency fluctuations of the solute may be perturbed by the water dynamics, which is affected by the
hydrophobic effect from the fluorene ring.

Ultimately, from the experimental and theoretical findings obtained in this doctoral thesis, I
conclude that vibrational dynamics of a solute in hydrogen-bonding liquids strongly depends on the
molecular properties of the vibrational probe molecule. Based on the detailed analysis, all the results
are very helpful for understanding of molecular dynamics and solute-solvent interactions in complex

systems, such as biomolecules in solution, revealed by IR pump-probe and 2D-IR spectroscopies.
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