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Introduction

Tonic liquids (ILs) belong to a broad class of ionic compounds that, dif-
ferently from conventional salts, are usually liquid at T < 100°C. They are
characterized by vanishing vapour pressure, good thermal stability, high ion
density and ionic conductivity. Thanks to the large variety of available ions,
the physico-chemical properties of ILs can be modulated by careful selection
of both cation and anion with specific characteristics for tailored applications.
A more convenient strategy for an efficient tuning of the performances of ILs
consists in mixing ILs with other ionic or molecular liquids, such as e.g. water.
It is observed that addition of water to ILs allows to improve some of their
properties and performances, especially for applications in biological field. For
instance, recent studies reported on the capability of IL/water solutions to en-
hance the structural stability of proteins, enzymes and deoxyribonucleic acid
(DNA) also at high temperatures.

This PhD thesis aims to show the usefulness of synchrotron-based UV Res-
onance Raman (SR-UVRR) spectroscopy for investigating i) the structural
dynamics of IL/water solutions and ii) the solvation effects of these IL-based
solvents on bio-molecules, such as peptides and DNA. UVRR spectroscopy
exhibits several advantages with respect to conventional spontaneous Raman
spectroscopy, as the significant increment of the detection limit that allows to
study the samples in very high diluted conditions and the selective enhance-
ment of the Raman cross section of vibrations associated to specific molecular
groups of the same system. Thanks to the unique tunability of the synchrotron
emission, the UVRR spectra of aqueous solutions of imidazolium-based ILs
have been collected at different wavelengths finely matching with the reso-

nance transitions occurring in the system. These spectra showed to have good
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sensitivity to the modifications induced on the local structure of solutions of
ILs by i) the change of the anion and ii) the substitution on the imidazolium
ring of progressively longer alkyl-chains. Additionally, some UVRR signals
are specifically informative on the effect induced by addition of water on the
strength of hydrogen bonds (H-bonds) in IL-water solutions. The molecu-
lar view provided by SR-UVRR experiments has been further complemented
by the structural parameters extracted by Small Angle Neutron Scattering
(SANS) measurements performed on the same IL/water mixtures.

The investigation of the structure-dynamic relationship in IL/water solu-
tions is the preliminary step for the deep comprehension of the effects of these
mixtures on the solvation dynamics of molecules of biological interest, such
as peptides and DNA. This is an issue of special interest by considering that
the solute-solvent interactions are strongly related to the biological activity of
bio-macromolecules. Some results will be presented in this thesis, concerning

the case of two different type of bio-systems:

i) small peptides dissolved in IL/water solutions: the UVRR spectra of
peptides contain several spectroscopic markers of the structural rear-
rangement induced by the hydration shell on peptides, such as the Amide
bands that are usually not well detectable in spontaneous spectra. The
analysis of these spectral features can provide insights on the peculiar

effect induced on the hydration dynamics of peptides by different ILs;

ii) DNA dissolved in IL/water solutions: a suitable choice of the exciting
radiation allows to collect UVRR spectra of DNA where the vibrational
signals associated to the different nitrogenous bases are selectively en-
hanced. This gives the unique opportunity to disentangle specific bands
in the spectra of DNA that appear usually very complex. Such approach
can be conveniently used to obtain insights on the molecular mechanism
responsible of the different thermal stability exhibited by DNA struc-
ture in the presence of different IL/water solutions. UV absorbance and
circular dichroism measurements can complement the UVRR results in
order to obtain a comprehensive picture of the solute-solvent interactions
in DNA /ILs systems.

The present thesis is organized as it follows:
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Chapter 1: the basics of the quantum theory of Raman spectroscopy are
reported, with particular emphasis to the Resonance Raman effect;

Chapter 2: the synchrotron-based Resonance Raman spectroscopic in-
strument developed at BLL10.2-TUVS beamline of Elettra synchrotron radiation
facility is briefly described;

Chapter 3: the chapter reports on the investigation of local structure
and intermolecular interactions in solution of imidazolium-based ILs as probed
mainly by synchrotron-based UV Resonance Raman scattering;

Chapter 4: the case of solvation of the tripeptide glutathione in aqueous
solutions of imidazolium-based ILs is addressed with the aim to investigate the
role of the specific peptide-IL interactions in the hydration dynamics of this
small peptide;

Chapter 5: the chapter reports some results on the thermal stability of
DNA in IL/water mixtures with particular attention to the role played by ILs
in stabilizing the DNA natural conformation.

Chapter 6: this chapter collects some complementary results concerning
the usefulness of UVRR technique for investigating hydrophobic/hydrophilic

effects in hydration water.



Chapter 1

Introduction to Resonance

Raman Spectroscopy

1.1 Light scattering and Raman effect

The phenomenon of the scattering of light refers to the process in which
incident photons with characteristic energy and momentum are diffused due to
the interaction with matter. If the energy of the incident photon is the same of
the diffused one we refer to “elastic scattering” otherwise it is called “inelastic
scattering”. For simplicity, we will consider a diatomic molecule [1,2]. In the
scattering process the oscillating electric vector of the incident electromagnetic
field induces on the molecules an oscillating electric dipole moment . The
induced electric dipole moment is proportional to the incident electromagnetic
vector E through the polarizability tensor a that is related to the tendency of

the molecules to deform their electronic cloud.

p=ao- k. (1.1)

Each component can be expressed as:

o= ok, (1.2)

where the a,, refers to the component of the tensor a. The electric field E is

related to the frequency 1y of the incident electromagnetic wave by the relation

8
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E, = E(0), cos(2mvgt). Therefore, the components of the induced dipole can

be written as:

Z Q. E(0), cos(2muyt). (1.3)

Assuming harmonic vibrations by the diatomic molecule, the time dependence

of the nuclear normal coordinates ()5 can be expressed as:

Qr = Q(0), cos(2mvt). (1.4)

The variation of the polarizability o due to the molecular vibrations, can be

described by expanding each component in Taylor series of ):

00, 1 Py )
Ve + Z (3Qk ) ; (anan O ()

By neglecting the higher order terms, the induced dipole moment becomes:

1pQr = Zozpa - cos(2myt )+ (1.6)

1 < 00,y

+5 Y E(0),Q(0)x ( 4 ) [cos[2m (v + )t] + cos[27 (vy — v)t]].
2 &~ oQr /,

Looking at the expression above, the radiation emitted by the oscillating dipole

induced by the electromagnetic field on the molecule has three different com-

ponents
z

> a(0),0 E(0), cos(2mp0)1). (1.7)

O=X

which accounts for the Rayleigh or elastic scattering and,

% Z E(0),Q(0)y (304,)0)0 [cos[27 (v + v)t] + cos[27m(vy — v)t]]. (1.8)

for Anti Stokes and Raman Sotkes respectively. For a given a vibrational mode,

the total instensity of the Raman scattering will be defined as:

1(6) = B(vo £ v)'1, (gogz)osm?(e). (1.9)
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Figure 1.1: Quantum mechanical diagram describing the elastic and inelastic scatering

processes.

where I, and 6 are the intensity of the incident light and the angle between
the induced dipole and the direction of the electromagnetic field respectively.
Inspecting relation 1.9, it clearly appears that the intensity of Raman spectra

mainly depends on two terms:

2
1. (%) related to the change induced in the polarizability of the molecule
* /0

by the vibration;

2. (vp £ v)* that refers to the wavelength of the incident radiation.

1.2 Quantum theory of Raman Scattering

According to quantum theory, transmission and emission of a radiation is
the result of the energy transfer between the eletcromagnetic field and the
molecule. In Fig. 1.1 is shown the quantum dynamical description of the
molecule by the elctromagnetic wave with energy Ej,v(0). As stated in the

section above, there are three diferrent components related to the scattering:

e Rayleigh scattering [ = hy(g]: is the elastic scattering term, which

is the most dominant scattering process with an intensity 107 lower
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than the excitation light. The interaction between light and matter does
not change the energy state of the molecule and therefore the scattering

photons have the same energy as the incident ones.

e Stokes Raman scattering [E = h(vy — v)]: refers to the inelastic scatter-
ing process where there is an energy transfer from the electromagnetic
wave to a vibrational level of the molecule. Hence the scattered pho-
tons have a lower energy (red shift) compared to the incident ones. The
amount of the energy transferred corresponds to the energy necessary to
promote the vibrational transition. Neverthless an intensity about 10~!°
times lower then the excitation light, the Stokes component is the most
commonly acquired in a Raman spectroscopy experiment because it is

the most intense component containing molecular vibration information.

e Anti-Stokes Raman scattering [E' = h(vy+v)]: is the inelastic scattering
process, where a specific amount of energy is transferred from a molec-
ular vibrations to the photons. So, conversely to the Stokes component,
scattered photons have an energy higher (blue shift) compared to the
incident ones. The information contained in the Anti-Stokes profile is

the same as the Stoke profile but less intense.

The transition from an initial state described by the wavefunction ¥; to a final

state Vs induces a variation of the dipole moment piy;:

ppi = (Vg 1| W;) # 0. (1.10)

Here fi is the permanent electric dipole operator for absorption or emission (In-
frared) of an electromagnetic field E. For scattering phenomena, the induced

dipole moment for the transition becomes:
s = (| | 0) E. (1.11)

where Wy and ¥; are the vibrational wavefunctions of the final and initial vibra-
tional states. To obtain a more rigorous definition of the total Raman intensity
I(0) using quantum-mechanincs, is necessary to substitute the polarizability

term (%)0 with the Raman scattering tensor [a,,|r which components are



CHAPTER 1. RESONANCE RAMAN SPECTROSCOPY 12

obtained accordingly to the Kramers-Heisemberg expression:

1 1Mp€k ek'MO'D 1]\4061.C ekMpo
Z{(Q\ lex) {exl Mo lgo) 91| Mo |ex) {exl \g>}'

po
h'c ,U(ik UO U6$C 1 ek U@k’ Ul U€.Z‘C 1 ek

ek

(1.12)
In Eq. 1.12 the terms gg and ¢, are the vibronic wavefunctions of the ground
electronic level for the starting and final vibrational levels 1 and 0 respectively,
the ek are the vibronic wavefunctioins describing the virtual states, ',y the
width of the band associated with |ek) vibronic state and M,, M, are the
electric dipole moments. In the case of spontaneous Raman scattering, the
energy of the incident electromagnetic beam v,,. does not coincides with any
transition frequency; in this condition the Raman signal associated to a given

normal mode is relatively weak.

1.3 Resonance Raman Scattering

Concerning the intensity of Raman spectra I(6), it is necessary to distin-
guish between conventional and Resonance Raman (RR) scattering. In both
cases the transition involves a process between the vibrational states of the
electronic ground state. The difference consist in the fact that in the con-
ventional Raman scattering the electronic excited states which take part in
the process are virtual intermediate states, while in the RR scattering are
real intermediate states. In the case where v.,. match (or is very close to)
the frequency for an electronic transition of the molecule (RR conditions),
the Kramers-Heisemberg expression for the Raman scattering tensor can be

simplified as:

[apa]lo 1 Z{<91’M9|ek> <6]€|MO' |90>} . (113>

he k Vet — V0 — Veze + irek

Since only the terms having as denominator v.; — vg — Ve becomes dominant,
the summation in the equation above is dependent from the vibrational quan-
tum number of the electronic excited state k. If the conditions for the RR
scattering are satisfied, the scattering tensor [a,,|19 becomes greater than the
case of conventional Raman scattering and the Raman intensity /(6) associ-

ated to the corresponding normal mode is strongly enhanced. The immaginary
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term that appears in the denominator of Eq.1.13 takes into account that in
resonance conditions the effect of the electromagnetic perturbation is related
to the life time of the excited states; hence I' is a quantity inversely propor-
tional to the life time of the vibronic excited states ek. In the case of an
electronic transition excitation of a specific molecular portion (chromophore),
some Raman normal modes result intensified more than others. The resonance
active Raman signals can result orders of magnitude higher (from 3 to 8) than
those out of resonance conditions. As a consequence, the sensitivity of RR
technique is strongly increased. By exploiting resonance Raman effect, it is
possible to analyze in a selective manner the signals coming from molecular
portions of a heterogeneous sample or specific components in a complex mix-
ture. Eq.1.13 can be further simplified, accordingly to the Born-Hoppenhaimer

and the Condon approximations [1,2] as:

(apolio = (9] M, |e}y |M|goz{ I) 0) } (1.14)

Vel — Vo — Vexce + Zrek

which takes the name of Albrecht’s term A for RR. This term is A # 0 if two

conditions are fullfilled (RR scattering selection rules):
e The transition dipole moments (g| M, |e), and (e| M, |g), are both # 0;

e The Franck-Condon factors (1|k) and (k|0) are # 0 for at least some

values of k.

While the first condition is satisfied if the corresponding electronic transition is
allowed, the validity of the second condition requires to consider the harmonic
oscillator and symmetry of the normal modes.

Fig.1.2 represents the RR scattering process in terms of the ground and
excited electronic states as a harmonic potential. In correspondence of a fun-
damental band of the Raman spectra, the transition from the ground state
t = 0 at the intermediate states and from the intermediate states at the final

state f = 1, is non-zero if:

1. the potential curves of the involved electronic states are shifted with each
other (AQ # 0);
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Ve = Vg
AQ=0

Ve = Vg Ve # Vg
AQ =0 AQ =0

Potential Energy (V)
Potential Energy (V)

Potential Energy (V)
Potential Energy (V)

QE QE

>
<

Qg Qg Qg: i Qg
1
Normal Coordinate (Q) Normal Coordinate (Q) Normal Coordinate (Q) Normal Coordinate (Q)
No RR very weak RR strong RR strong RR

Figure 1.2: Diagrams of the potential energy (V) as a function of the normal coordinate
(Q) of the ground g and excited states e.

2. there is a difference in the vibrational wavenumber between the ground

and the electronic states, v, # vg;
3. both of the above conditions are satisfied.

Has to be noted that condition 2 is verified only for totally-symmetric vibra-

tional modes, unless molecular symmetry changes in the excited states.

1.4 Advantages and limitations of RR spec-

troscopy

The vibrational spectroscopic techniques are a powerful tool to investigate
the changes induced in the structure of molecular systems by chemical reac-
tions and /or physical interactions of the system with the environment. Thanks
to its capability to extract both qualitative and quantitative informations of
the investigated samples, analysis of Raman spectra is suitable to be applied
in a lot of research fields spanning from analytical to biological one. Com-

pared to infrared absorption spectroscopy, both conventional and Resonance
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Raman spectroscopy can be very valuable techniques for investigating samples
in aqueous solution due to the relative low polarizability of water. Study of
biologic molecules in physiologic conditions (i.e. aqueous solution) is strongly
recommended, in order to mimic the real environment in which these systems
exhibit their peculiar functionality. Water shows a very strong infrared ab-
sorption and usually the OH bending signal covers the wavenumber region
between 1000-1800 c¢m ™! where the main vibrational features of organic and
biological molecules fall. This seriously hampers the analysis of the vibrational
fingerprints in the infrared spectra of samples dissolved in water solution. Con-
versely, Resonance Raman spectroscopy allows to analyze aqueous solutions
without the necessity of isotopic substitution and in condition of very high
diluition. This is due mainly to the greater sensitivity of RR spectroscopy with
respect to its non-resonance counterpart that ensures a significant increment
of the detection limit of the technique. As a matter of fact, while conventional
Raman scattering can detect samples with concentrations usually no lower
than 0.1 M, RR technique is capable of analyzing samples with concentrations
lower than 1078 M. A second advantage of the Resonance Raman technique is
related to the possibility to aquire more simplifyied spectra compared to non-
resonance one, due to the selective enhancement of specific signals associated
to the chromophores excited in the sample. This allows to disentangle different
vibrational signals in the Resonance spectra that usually are strongly superim-
posed in the spontaneous Raman profiles. By means of RR spectroscopy it is
also possible to collect the excitation profile of a particular Raman active mode
that consists in the signal intensity as a function of the excitation frequency
into the absorption band. These excitation profiles contain information of the
vibronic transitions associated with the particular normal mode before that
the system relaxes from the electronic excited state levels. One of the limi-
tation during a RR experiment is related to the self-absorption phenomenon
that occurs when a portion of the scattered light is strongly reabsorbed by
the sample. This process reduces the total scattered light also affecting the
relative intensity of Raman peaks in the spectra. Another possible limitation
of RR technique is the possibility of the photo degradation of the sample, due
to local heating and/or photoreactions occurring at resonance conditions. In

order to avoid this inconvenience, several strategies can be implemented, as it
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will be discussed forward.

16



Chapter 2

UV Resonance Raman

spectroscopic setup

2.1 Synchrotron radiation-based UV Resonance

Raman spectroscopic set-up at Elettra

UV Resonance Raman (UVRR) spectroscopy is a very suitable tool for
collecting specific information on the chemical nature of a large variety of
systems, due to the properties of organic molecules to exhibit many and strong
absorption transition in the UV range. However, it is necessary to overcome
some major issue to have a full exploitation of the UVRR spectroscopy, mostly

related to the need of appropriate sources:

e Up to now, there is a poor knowledge about the electronic transitions
that occur in the UV region below 7 eV (~ 180 nm) due also to the
difficulty of vacuum-UV spectral measurements required to explore this
range. [t is important to extend the UV domain investigation range
in order to obtain information related to outer electronic transition in
matter (i.e. up to ~ 10— 15 eV) by selectively exploring specific orbitals

and bands.

e The use of a continuous tunable excitation source permits to map the
whole resonance range of the sample investigated, in order to achieve a

fine matching between the exciting radiation energy and the resonance

17
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Czemy-Turner
Monochromator
f=750nm

Figure 2.1: Technical layout of the SR-based setup for UVRR spectroscopy measurements
at BL10.2-IUVS beamline (Ellettra synchrotron facility, Trieste, Italy).

condition of specific chromophores. This procedure allows to perform ac-
curate UVRR spectroscopy measurements not affected by self-absorption
effects.

The BL10.2-IUVS beamline at Elettra synchrotron facility in Trieste has devel-
oped an optical setup that exploits a tunable UV synchrotron radiation (SR)
source for exciting and collecting UVRR spectra from different kinds of sam-
ples (i.e. solid, liquids and gels) [3]. In Fig.2.1 is shown the technical layout
of the instrument. The Figure-8 32 mm undulator inserted in the radiation
source of the beamline generates linear polarized SR with an energy range from
4.4 to 11 eV (corresponding to wavelengths between 113 and 280 nm) [4, 5].
This specific desing has the advantage to have a strong reduction of the total
on-axis power density that is achieved with no penalty on the useful photon
flux in the first harmonic of the emission spectrum. A set of two mirrors cleans
the higher order harmonics components of the undulator of the beam coming
from the source. This set is composed by a first coated GLIDCOP (inter-
nally water-cooled) that deviates the photons of 60° in the vertical plane and
a second silicon mirror (externally water-cooled) that is used to bring back the
beam parallel to the floor. In the end, a silicon switching mirror is used to
guide the SR to the UVRR stage instead of the conventional high resolution
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Figure 2.2: Incident radiation beam power after the monochromator (see Fig.2.1) as a

function of the selected wavelength.

inelastic UV scattering (Brillouin) spectrometer [6]. To drive and focus the SR
into the entrance slits of the monochromator are used specifically suited UV-
enhanced coating mirrors, with a reflectivity of 90-92 % in the whole 250-285
nm range (Fig.2.1). The transport system delivers to the monochromator UV
radiation with a power of ~ 10 mW (at A = 270 nm) with a typical bandwidth
of AXN/X = 0.01, corresponding to ~ 350 cm~!. The SR is monochromatized
through a Czerny-Turner monochromator (Acton SP2570 produced by Prince-
ton instruments) operating with three exchangeable flat holographic gratings
with 1800, 2400 and 3600 grooves/mm. The monochromator provides a max-
imum wavelenght resolution at 270 nm of ~ 0.012 nm which corresponds to a
half-width of ~ 1.6 em™!. In Fig.2.2 is shown the beam-power of the radiation
after the monochromator as a function of the selected wavelength.

It is a very important advantage to have the possibility to obtain UVRR
spectra, even at these relatively low power, since it allows to measure organic
samples, dye or chromophores, which are often subject to photodegradation
when irradiated by UV light. After the monochromatization, there is a colli-

mation stage through a lens and then the beam is transported to the Raman
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analyzer system (Fig.2.1). There are two options for the sampling method:

1. the incident beam is focused on the sample and collected in back-scattering
configuration through plano-convex lenses and mirrors; the typical size
of the beam spot impinging the sample is of few mm?;

2. the incident light is focused on the sample through the UV lens of a
microscope objective (with a magnification factor typically of 2, 20 or 40

X) and the scattered radiation is collected in backscattering geometry.

Option 1 is mainly used for macro-Raman spectroscopic measurements carried
out on bulk samples, such as solids, powders, liquids and gels placed in suitable
optical quartz cuvettes. This kind of configuration together with the geomet-
rical characteristics of the Raman spectroscopic setup allows the use of a large
variety of sample environments. Liquids, aqueous solutions and gels can be
measured in specific sample-holders which are able to thermalize the sample
in a temperature range from 5° to 120°. To prevent any possible photodecom-
position of the samples due to the prolonged exposure to the UV radiation,
the cuvettes are subjected to a continuous spinning during the measurements
in order to vary the sample volume illuminated by the radiation beam. There

are other methods that can be used to prevent radiation damage such as:
e flow systems; very useful for liquid samples [7];

e rotating sample holders; used for measurements with higly absorbing

materials [8].

The second sampling method is used for micro-Raman spectroscopy experi-
ments carried out on inhomogeneous samples, surfaces or films. In the latter
case, a further CCD microscope camera is employed for visualizing the position
of the beam on the sample during the measurements. The three stages spec-
trometer (TriVista 557, Princeton Instruments) is used to analyze the Raman
signal. Each stage is equipped with a selection of flat holographic gratings
(1800 and 3600 grooves/mm) optimized for both UV and visible radiation.
The highest wavelength that can be obtained depends on the CT mechanical
rotation capability and results to be 417 nm (2.98 V) for the 3600 lines/mm
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grating and 833 nm (1.49 eV) for the 1800 lines/grating. Finally, the scat-
tered photons are detected by a peltier-cooled UV-enhanced CCD camera. To
calibrate the spectrometer is used a standard method involving cyclohexane.
Polarized parallel (VV) and depolarized orthogonal (HV) UV Raman spectra
can be collected by inserting in the optical path a Fresnel Rhomb Retarders
(Half-Wave Retardance with broader wavelength range) and polarizers (see
Fig.2.2).



Chapter 3

The peculiar effect of water in

Ionic Liquids

3.1 State of art: what are Ionic Liquids?

As breafly descripted in the Introduction, ionic liquids (ILs) are a class
of ionic compounds characterized by vanishing vapour pressure, good thermal
stability, high ion density and ionic conductivity [9,10]. Several applications
of ILs have been explored, including their use in organic synthesis [11], elec-
trochemical devices [12], photochemical cells [13,14] and catalysis [15]. On
the basis of their ionic nature, ILs can be divided into two broad categories:
protic ILs (PILs) and aprotic ILs (AILs) (see 3.1). The former are composed
by proton transfer from a Bronsted acid, AH, to a Bronsted base, B to yield,
strictly speaking, a [BHT][A™] species [16]:

AH + B = [BH][A7]. (3.1)

AlILs contain substituents other than a proton (typically an alkyl group) at
the site occupied by the labile proton in an analogous protic ionic liquid. They
also require synthetic strategies which are different from the simple acid-base
reactions used to obtain most PILs [17].

Thanks to the large variety of available ions, the physico-chemical properties
of ILs can be modulated by careful selection of both cation and anion with

specific characteristics for tailored applications [18]. A more convenient strat-

22
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Aprotic Protic

Figure 3.1: Basic types of ILs: aprotic and protic types [17].

egy for an efficient tuning of the performances of ILs consists in mixing ILs
with other ionic or molecular liquids, such as e.g. water [19]. Due to the
strong hygroscopic nature of most ILs, the presence of trace amounts of water
was originally considered problematic for maintaining the peculiar properties
of ILs, such as their characteristic nano-structured arrangment. Nowadays,
it is observed that addition of water to ILs allows to improve some of their
properties and performances towards specific applications. For instance, wa-
ter incorporation in ILs implies an increase of the self-diffusion coefficient of
cations and anions due to a general decrease in the viscosity [20], leading, to a
certain extent, to larger ionic conductivity [21]. In the biological field, water
represents an ideal partner for ILs and several recent studies reported on the
capability of IL/water solutions to increase enzymes activity [22] and improve
the stabilization of proteins [23-25]. Since water has such a high impact on
the chemical-physical characteristics of ILs, both as a contaminant or as co-
solvent, a detailed knowledge of the intermolecular interactions taking place in
[L-water solutions is a crucial step for understanding and predicting the range
of properties of ILs [26]. This appears particularly challenging in the case of
ILs, where the scenario is complicated by the fact that intermolecular interac-

tions can be strongly affected by several possible cation-anion combinations.

3.2 Hydrogen bond dynamics in IL /water mix-

tures

Several methods have been used to get insights into the molecular dynamics

of pure ILs and mixed with water, including vibrational spectroscopy [27]. Such
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techniques give the opportunity to investigate the extension and the strength
of inter- and intra-molecular interactions in molecular liquids by probing to
the vibrational motions of the system. For instance, collective vibrations of
pure liquid water have been successfully investigated by using low-frequency
Raman spectroscopy through the comparison between experimental data and
molecular dynamics simulations [28]. Apart from the nice applications of low
frequency Raman spectroscopy, the usual spectral range between 400-3800 cm™
can be exploited to monitor the variation of the chemical environment around
the oscillators. Cammarata et al. [29] used IR spectroscopy to correlate the
blue-shift of the asymmetric stretching band of water with the relative strength
of the interaction of H-bonding between water molecules and different anions
species. Moreover, such H-bond strength has been correlated to the degree of
hydrophobicity [30] and the polarity [31] of ILs. In another paper, Andanson
et al. [32] used IR spectroscopy for understanding, at a nanoscopic scale, the
mixing behaviour of ILs. The work demonstrated that vibrational techniques
are suitable for the detection and quantification of the coexistence of different
species of water clusters into domains of ILs. The local organization of water
molecules in IL-water solutions has been investigated by using both Raman
and IR spectroscopies [33,34]. The conformational stability of imidazolium-
based ILs in the presence of water has been discussed by Hatano et al. [35]
by exploiting the information extracted from the Raman spectra of these so-
lutions. Finally, Raman and IR spectroscopies were successfully employed for
investigating the effect of water on the local structure and the phase behavior
of protic ILs [36], giving evidence of the strong complementarity of the two
techniques in describing different water-IL interactions. Herein, we provide the
experimental evidence of the potentiality of synchrotron based-UV Resonance
Raman (SR-UVRR) technique to probe the structural organization and the
intermolecular interactions in imidazolium-based ILs as pure liquids and in
water solution. UVRR spectroscopy exhibits several advantages with respect
to conventional spontaneous Raman technique for the study of imidazolium-
based IL/water solutions: i) a significant increment of the detection limit that
allows to investigate the vibrational modes of ILs also in very high diluted con-
ditions and ii) a selective strong enhancement in the UVRR spectra of ILs of

the Raman cross section of the vibrations involving the imidazolium ring. This
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latter condition occurs in particular when the excitation wavelength of UVRR
spectra approaches the 7-7" transitions in the deep UV range [37-40]. In this
sense, the availability of a tunable UV synchrotron radiation (SR) source al-
lows to finely choose the resonance energy of excitation wavelength in order
to maximize the intensity of the Raman peaks associated to the cations of
ILs. These signals are sensitive spectroscopic markers of local rearrangements
occurring in ILs and of the interactions between molecular domains of ILs and

water molecules.

3.2.1 Experimental methods
Sample prepatation

1-methylimidazolium hydrogen sulfate ([MIM]HSO,) was purchased from
Sigma Aldrich with a purity of 95%. 1-methylimidazolium chloride ([MIM]CI),
1-ethyl-3-methylimidazolium chloride ([EMIM]CI), 1-decyl-3-methylimidazo-
lium chloride ([C1oMIM]C1), 1-dodecyl-3-methylimidazolium chloride ([C1oMIM]
Cl) and 1-butyl-3-methylimidazolium hydrogen sulfate ([BMIM]JHSO,) were
purchased from IoLiTec with a purity of 99%. All the ILs were dried under
vacuum (1073 bar) with phosphorus pentoxide for 72h in order to remove any
possible water contamination before their use. Such procedure has been used
for all ILs measured and reported in this thesis. High-purity water, deionized
through a MilliQ™ water system (>18 Mf2 cm resistivity), was used for all the
experiments. IL/HsO solutions were prepared in a dry glove box at different
molar fraction of IL, x = ny,/(n, + nu,o0), where ny, and ny,o represent the
mole number of IL and water, respectively. The molecular structures of ILs

used in this study are reported in Fig.3.2 together with the atom labeling.

Raman spectroscopy measurements

UVRR spectroscopy experiments were carried out by using the setup de-
scripted in Chapter 2. The exciting wavelengths used for collecting Raman
spectra were fixed at 235 and 250 nm. The spectral resolution was set to
about 6 cm™ in order to have a satisfactorily high signal to noise ratio. The

calibration of the spectrometer was standardized using cyclohexane (spectro-
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Figure 3.2: Chemical structure of ILs investigated in this work.

scopic grade, Sigma Aldrich). The power of the beam on the sample was kept
sufficiently low (a few pW) in order to avoid photo-damage effects and heating
of the sample.

Spontaneous Raman spectra were recorded at 785 nm laser excitation wave-
length with a spectral resolution of 3 cm™. Raman spectra were collected using
the spectrometer MonoVista CRS+ from the company S&I (Acton spectrom-
eter SP2750 with Princeton Instruments PyLoN CCD camera) operating in
a backscattering geometry. All UVRR and spontaneous Raman spectroscopy

measurements have been collected at room temperature (298 K).
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3.2.2 Results and discussion

The UV-Vis absorption spectrum of [MIM]HSO, in water is presented in
Fig.3.3. The curve displays a strong absorption band at about 235 nm and
a shoulder at 250 nm going to zero from ~300 nm onwards. Based on the
absorption features, Raman spectra of neat [MIM|HSO,4 have been collected
with excitation wavelenghts at 785, 250 and 235 nm in order to approach
spontaneous, pre-resonance and resonance conditions, respectively. Attention
has been focused on the spectral range 1000 to 1600 cm™, although this fre-
quency window is not extensively investigated in literature. The comparison
between UV and visible Raman profiles points out the increasing Raman cross
section of the vibrational modes between 1250 and 1600 cm™ at low excita-
tion wavelengths. These bands have been assigned to vibrations involving the
imidazolium ring [37-40] in the molecular structure of [MIM|HSO, (Fig.3.3(a)
and (b)). The enhancement of these peaks in the UVRR spectra was expected
due to the 7-7" transition of imidazole ring electrons occurring below 300 nm.
Conversely, the Raman peak at 1030 cm™ is associated to the HSO,~ symmet-
ric stretching mode of the anion [41] and it appears particularly prominent
in spontaneous Raman scattering (Fig.3.3(a)). These experimental findings
suggest that UVRR spectroscopy allows us to probe also slight modifications
occurring in the spectral parameters of the Raman vibrations associated to the
cations in imidazolium-based ILs, due to the signal enhancement observed in
the spectra excited with UV light compared to those obtained with the visible
radiation. The comparison between UVRR spectra of [MIM]HSO, excited at
235 and 250 nm (Fig.3.3(a) and (b), respectively) shows similar experimental
profiles, although the spectrum in Fig.3.3(a) has been collected with a worst
resolution with respect to the corresponding one excited at 250 nm. This is
due to the self-absorption phenomenon [42,43] that is particularly strong in
correspondence of the absorption maximum of the sample at 235 nm. In this
condition, although Resonance Raman cross sections are generally larger than
those of the pre-resonance Raman one, the intensity of the Raman signal is
dramatically reduced, leading to a significant decrement of the signal-to-noise
ratio. The continuous tunability of the SR source in the UV range offers

the unique opportunity to finely approach such pre-resonance condition that
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Figure 3.3: UV-VIS Absorption spectrum of [MIM]JHSO4 in water and Raman spectra
collected on pure IL at 235 (a), 250 (b) and 785 nm (c) of excitation wavelength in the
spectral range 900-1600 cm™.

ensure a satisfactory enhancement of the Raman modes associated with the
imidazolium ring. However, at the same time it hampers the self-absorption,
as observed in the UVRR spectra excited at 250 nm.

The selected frequency region wasn'’t typically investigated in literature for
the proposed IL. In order to support the vibrational spectroscopy experiments,
the structure of some ILs have been characterized by performing x-ray diffrac-
tion measurement at the XRD1 beamline@Elettra-Sincrotrone. The chosen
ILs, indeed, appear in crystalline form at room temperature and such char-
acteristic allows to resolve their structure. In particular, our attention was
focused on the case of [MIM]|CI in order to minimize the presence of hydrogen
atom in the anion counterpart, not well detectable by x-ray diffraction. The IL
x-ray structure has been used for quantum chemical computation permitting
to calculate the theoretical Raman intensity of the proposed IL with the use
of Crystal 17 software [44,45]. Fig.3.4 shows a comparison between theoreti-
cal and experimental Raman signals for pristine [MIM]Cl. A good accordance

between the reported Raman spectra has led to a correct assignment of the
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experimental Raman vibrational features, that are reported in Tab.3.1.
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Figure 3.4: Comparison between theoretical (black) and experimental (red) Raman spectra
collected at 785 nm for [MIM]CL

Fig.3.5 reports the comparison between UVRR and IR spectra of neat
[IMIM]HSO, and [MIM]CI in the spectral region between 1080 and 1600 cm™,
where only the vibrational modes associated to the imidazolium ring can be
recognized. The spectra have been collected at room temperature where both
ILs are in their crystalline phase. The IR profiles of both [MIM]-based ILs
appear to be very similar to each other except for small differences observed
for the relative intensities of some IR bands, as highlighted in Fig.3.5 by the
arrows in the bottom right panel. Conversely, substitution of the anion species
in the IL strongly affects the Raman spectra between 1080 and 1600cm™ (see
Fig.3.5, left panel). In the case of [MIM]CI with respect to [MIM]HSO,, we
observe in the Raman spectrum the increment of a Raman peak at 1111 cm™
(combination of bending modes involving C(4)H and C(5)H groups on imi-
dazole ring) and the raising of an additional feature at 1345 cm™, probably

related to changes in the molecular organization or in the strength of the in-
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Xezp(cm ™) Xypeor (cm™1) Assigned vibrational modes
1019 1027 §5(C2-N1-C5) + §(H-N3-C4) + §(H-C4-N3)
1091 1094 §(C2-H) + 6(C5-H) + 6(CHs) +1(N3-C4)
1113 1116 §5(C4-H) §(C5-H)
1183 1175 §(C2-H) §(N3-H)
1291 1285 §(C4-H) 4 v(N1-C + N1-C5 + N3-C4)+
+ §(C5-H) + §(C2-H) + 6(CHs)

1345 1325 va(N1-C5) + 14(N1-C1) 4+ v(N3-C2) +

+ §(C2-H) + §(N3-H) 6(C4-H) + §(C5-H)
1374 1379 v5(C4-C5) + vs(C2-N1) + §(CH3) + 6(C2-H) + §(C5-H)
1425 1423 §5(CHs)
1453 1453 vs(C4-Ch + C2-N3) + v(N3-C4) + §(N3-H) + §(CHs)
1476 1485 §(CHs)
1556 1552 Va(C2-N1) + 1,(C2-N3) + §(C2-H) + §(C3-H)
1583 1583 Va(C4-C5) + 1,(C2-N1) + §(N3-H)

Table 3.1: Experimental and calculated Raman frequencies and assigned Raman vibrational
modes for [MIM]CI.

teractions involving the imidazolium ring due to the different anion type. The
Raman peak centred at 1454 cm™ in the spectrum of [MIM]|CI, assigned to the
antisymmetric bending mode of the N-methyl group in accordance with liter-

1 and significantly broader

ature [46,47], appears blue-shifted by about 5 cm"
in the experimental profile of [MIM]HSO,. Similarly, also the peaks at 1180
and 1291 cm™ in the spectrum of [MIM]CI, associated to bending motions of
the CH and NH groups located on the imidazole ring, are found red-shifted
by about 5 cm™ and broader in the spectrum of [MIM]JHSO,. This proba-
bly reflects the change in the interaction strength between the anion (Cl or
HSO,") and the cation in the two different ILs. Finally, also the Raman peaks
at 1556 and 1580 cm™ that are associated mainly to vibrations involving the
imidazolium ring and the bending modes of the NH groups undergo slight fre-
quency shifts and intensity variation, as can be observed by comparing the
UVRR spectrum of [MIM]|CI to the corresponding one of [MIMJHSO,. All
these findings suggest that UVRR spectra are rich of vibrational signatures of
the interactions established between cation and anion that drive the molecular
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Figure 3.5: Comparison between UVRR spectra excited at 250 nm (panel on the left) and
IR absorption spectra (panel on the right) of neat [MIM]HSO,4 and neat [MIM]CL

organization of IL domains. A further support to this hypothesis can be found
by inspection of Fig.3.6. The figure shows UVRR spectra collected on a set
of imidazolium-based ILs with N-alkyl chains of different length in the spec-
tral region mainly dominated by the imidazolium ring vibrations. Significant
modifications of the spectral profiles associated to the imidazolium vibrational
modes seem to be induced by the replacement of the hydrogen atom attached
to the imidazolium N with an alkyl chain (compare the UVRR spectrum of
[MIM]JHSOy to that of [BMIM]HSO, in Fig.3.6(a)). The UVRR spectrum of
[BMIM]HSOy is characterized by three strong bands at about 1335, 1386 and
1415 cm™, assigned to combined vibrational modes mainly involving the imi-
dazolium ring and the CH and NH groups located on the ring [48]. In the same
spectral region, the experimental profile of [MIM]HSO,4 appears quite different
from that of its analogue [BMIM], confirming that the UVRR modes of imi-
dazolium are strongly sensitive to the chemical structure of the substituent on
the ring.

Fig.3.6(b) further supports this outcome, giving evidence that the Raman
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Figure 3.6: Comparison between the UVRR spectra (excited at 250 nm) of (a) [MIM]HSO4
and [BMIM]JHSO, and of (b) [EMIM]CI, BMIM]CI, [C1o0MIM]CI and [C;12MIM]CL

peaks mentioned above can be specifically associated to the change of sub-
stituents on the imidazolium ring in this type of ILs. Although the mode at
1415 em™ does not exhibit any significant modification in frequency position
or intensity when the alkyl-chain is extended from [EMIM] to [C1oMIM], con-
versely, the peak at 1386 cm™ undergoes a blue-shift of about 5 cm™. At the
same time, a progressive reduction of the intensity of the Raman peak at 1335

1

cm™ can be observed as the length of the alkyl chain on the ring increases.

Since this mode corresponds to a combination of ring breathing and stretching
motions of N(1)-CHy and N(3)-CHy for [EMIM]-based ILs [49], we can pro-
pose that the increasing length of the alkyl chain on the imidazolium ring is
reflected in a progressive hindering of the stretching vibrations involving N(1)-
CHs, as shown by the decreasing intensity in Fig.3.6(b). This suggests that
the Raman peak at 1335 cm™ in the UVRR spectra of imidazolium-based ILs
could be used as a sensitive spectroscopic marker of the molecular reorgani-
zation of cationic domains induced by the progressive elongation of the alkyl
substituents at the imidazolium ring.

Finally, Fig.3.7 points out the greater sensitivity of UVRR technique with
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Figure 3.7: Comparison between the Raman spectra of pure (pink) and hydrated (blue)
[MIM]HSOy collected at an excitation wavelength of a) 785 nm and b) 250 nm. ¢) UVRR

spectra of hydrated MIM]JHSO,4 (x=0.30) recorded at two different temperatures, i.e. 297
and 367 K collected at 250 nm.

respect to conventional spontaneous Raman scattering in probing the effect of
water on the strength of H-bonds involving cation domains in imidazolium-
based ILs. Fig.3.7 shows the comparison between the Raman spectra of pure
and water-added [MIM|HSOy collected at an excitation wavelength of 785 nm
(panel a) and 250 nm (panel b). We remark that the analysis of the spectral
range considered in Fig.3.7 is usually very difficult to be analyzed by using IR
spectroscopy, due to the strong signal of water dominating the spectra in this
region also at low water content [36,50]. Raman spectroscopy offers the advan-
tage to explore also the spectral region between 1000 and 1600 cm™ by looking
at the modifications occurring to the Raman signals arising exclusively from
ILs also in very high-diluted conditions. Both the UVRR and spontaneous
Raman profiles of Fig.3.7 point out that also at this relative low-dilution con-
dition (IL/water molar fraction = 0.2) the Raman peak centred at 1032 cm™
in the neat IL, assigned to the stretching vibration of the anion HSOy, shifts

toward higher wavenumbers when the water is added to the system. This ef-



CHAPTER 3. THE PECULIAR EFFECT OF WATER IN ILS 34

fect can be explained by considering the solvation effect of water on the anions
competing with the electrostatic interactions between cation and anions in the
hydrated ILs. As concerning the Raman vibrational modes associated only to
the molecular motions involving the imidazolium ring, the vibrational spec-
tra appear quite sensitive to the addition of water, especially for the UVRR
profiles (Fig.3.7(b)). This is reflected mainly by the slight shift in frequency
position, changes in intensity and broadening of some Raman modes observed
in the spectrum of [MIM]HSO, as a consequence of hydration. Remarkably,
the UVRR spectra of hydrated [MIM|HSO, evidence a significant blue-shift
of about 10 cm™ of the Raman peak centred in the neat IL at about 1170
cm™ (inset of Fig.3.7(b)). This effect is not so clearly detected in the spon-
taneous Raman spectra of [MIM]HSO, (Fig.3.7(a), inset), probably due to a
stronger reduction of the Raman cross section of the modes arising from IL
when it is dissolved in water . The main vibrational contribution to the Ra-
man mode at 1170 cm™ has been assigned to a combination of bending modes
of the C(2)-H and N(3)-H groups on the imidazolium ring of [MIM]HSO, (see
Tab.3.1). On the other hand, these two sites have been demonstrated to be
responsible of the formation of H-bonds between the cation and anion [52] in
the IL. This interpretation is supported by the experimental evidence that the
same Raman peak moves to lower frequencies upon the increasing of thermal
motion (Fig.3.7(c)) that usually leads to a weakening of the H-bonds interac-
tions. The experimental findings described in Fig.3.7(b) suggest that for high
dilution of [MIM]HSO, in water a complete exchange of water molecules with
anions in the formation of hydrogen bonds with cations can be expected and
that the strength of this cation-water interaction is probably stronger than the

cation-anion one.

3.3 Water nano-domains in AILs: imidazolium

versus pyridinium precursors

Previous studies have demonstrated that AILs can organize in nano-sized
domains characterized by a polar domain consisting of the imidazolium ring

and the anion and a non-polar domain composed of the alkyl chains. The
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resulting stucture can be pictured as an inhomogeneous nano-domain arrange-
ment [53-56]. The nano-domain structure of pure IL has been observed to be
maintained even in mixed solutions in which the water molecules are found
to be situated near the boundaries between the polar and nonpolar domains
leading to the formation of nano-confined water structures [57]. For low con-
centrations of water, the structure of ILs is only slightly disrupted leading to
and adjustment in the relative positions and orientations of cations and an-
ions. However, the formation of this water-rich nano-domains has a dramatic
impact in the physico-chemical properties of both IL and of nano-confined wa-
ter [58]. Aqueous solutions of [BMIM][BF,| have been widealy investigated in
literature by using Small Angles Neutron Scattering (SANS) technique with
the aim to elucidating the nano-scale structure of these mixtures [59,60]. The
work of Almasy et al. [60] showed that specific features appear in the SANS
profile of the IL/water solutions at a concentration of about x;;, = 0.75. This
experimental finding has been interpreted as a signature of the heterogeneous
mixing in this system. Such kind of heterogenity in IL/water binary mixtures
has been observed also in organic solvents/water systems [61-66]. In addi-
tion, it has been noted that parameters such as the alkyl chain lenght of the
cation and the cation-anion interactions tend to influence the nano-structure
of IL/water mixtures and their hydrophobic/hydrophilic properties. For in-
stance, it has been found that ILs with alkyl chain length n > 6 exhibit a
characteristic self-organization behaviour that leads to the formation of mi-
celle in aqueous solutons [67—69]. This is probably due to the fact that cations
with relatively long alkyl chain, as the C,MIM cations with n > Cg, act as
cationic surfactants. A recent study [70] reported on the dependance of the
alkyl-chain length n of the the [C,MIM]* cation and the halide anion species
(Cl7, Br~ and I7) on their aggregation behavior in aqueous solutions. It has to
be noteworthy that the water confined in the nano-domains formed by IL/wa-
ter mixtures exhibits a peculiar behaviour, very different from that of bulk or
hydration water. Although in literature it is present a wide study on the so
called water pockets in imidazolium-based ILs, any evidence has not yet been
found of formation of these peculiar nano-domains in ILs with pyridinium as
precursor. Here we report on the investigation of the nano-water domains in a

series of ILs with imidazolium- and pyridinium-based cation with the aim to
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correlate the different behaviour exhbited by these systems as a function of the
nature of their cation. SANS measurements give information on the structural
organization of the water pokets and on the characteristic correlation lenghts of
these nano-domains. At the same time, UVRR technique can provide insights
on the hydrogen-bond interactions between the water molecules confined in
the spaces of nano-domains trough the analysis of the high-wavenumber range

of vibrational spectra.

3.3.1 Experimental methods
Sample preparation

1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM]|BF,), 1-butyl-3-me-
thylimidazolium triflate ([BMIM]|TfO), 1-butylpyridinium tetrafluoroborate ([BPy]
BF,) and 1-butylpyridinium triflate ([BPy]|TfO) were purchased from IoLiTec
with a purity of 99%. High-purity water, deionized through a MilliQ** water
system (>18 M cm resistivity), was used for Raman spectroscopy experiments.
At the contrary, heavy water with 99.3% of deuterium content was used as sol-
vent for SANS experiments in order to increase the isotopic contrast in the
scattering length densities between IL and water, thus improving the precision

of the experiment.

SANS measurements

SANS experiments were carried out using the Yellow Submarine diffrac-
tometer operating at the Budapest Neutron Center [71]. Samples were placed
in 1 mm-thick quartz cells. Temperature was controlled within 0.1 K using a
Julabo FP50 water circulation thermostate.The range of scattering vectors ¢
was set to 0.038-0.38 A~!. The ¢ value is defined as ¢ = 47/\sin# where 20
is the scattering angle. In order to have access to the whole range of ¢, we
used two different configurations. In particular, the sample-detector distance
was set to 5.125m and the incident neutron wavelengths were ~ 4.44 and
~ 10.23A for medium and low ¢ range, respectively. The raw data have been
corrected for sample transmission, scattering from empty cell, and room back-

ground. Correction to the detector efficiency and conversion of the measured
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scattering to absolute scale was performed by normalizing the spectra to the
scattering from a light water sample. A basic description of SANS theory is
reported in Appendix A.

Raman spectroscopy measurements

UVRR experiments were carried out by using the setup descripted in detail
in Chapter 2. The exciting wavelength used for collecting Raman spectra was
set at 248 nm. The spectral resolution was set to about 10 cm™ in order to have
a satisfactorily high signal to noise ratio. The calibration of the spectrometer
was standardized using cyclohexane (spectroscopic grade, Sigma Aldrich). The
power of the beam on the sample was kept sufficiently low (a few W) in order

to avoid photo-damage effects and heating of the sample.

3.3.2 Results and discussion

SANS profiles of [BPy|TfO,/D;0O and [BPy|BF4/D20O solutions in the x;,
range from 0.02- 0.12 and collected at 298 K are shown, as an example, in
Fig.3.8. The scattering curves were analyzed by using the Ornstein-Zernike

form for statistical concentration fluctuations given by the equation:

Iy
=+
1+ q%¢?

1(q) By (3.2)

where 16 represents the coherent forward scattering intensity, & is the short-
range correlation length, which is the measure of the decay of density-density
correlations and Byg is the constant background term. This last term accounts
for the contribution of the incoherent scattering from the hydrogen and deu-

terium atoms in the mixture and it can be expressed as:
Bg=a-vs+b(1—vy) (3.3)

where a and b are two constant parameters and v represents the IL volume
fraction taking into account the number of hydrogen and deuterium atoms.
The Bg contribution is constant as function of temperature because v; remain
invariable at a fixed molar fraction. The measurements were collected as func-

tion of in order to execute a global fit with Bg as a common parameter. This
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Figure 3.8: Comparison among SANS curves of [BPy]TfO/D30 (a) and [BPy|BF4/D20O
(b) solutions as function of IL molar fraction and at 298 K. The continuous lines are fitting

of the experimental data obtained by using Eq.3.2.

procedure allowed us to reduce the total number of free parameters in Eq.3.2
during the fitting of experimental data. Fig.3.8 clearly points out that the
experimental data are well reproduced by the Ornstein-Zernike function for all
the examined concentrations. This result suggests that the distribution of the
molecular species in the system is similar to the case of strong concentration
fluctuations.

Fig.3.9 shows the Ornstein-Zernike correlation lengths estimated for the
four selected ILs as function of x;;,. In all of the cases, the curves show a max-
imum at a characteristic IL molar fraction. In particular, the trend observed
for [BMIM]BF4-DyO mixtures is consistent with that reported by Almasy et
al. [60] in previous SANS experiments. As seen in this figure, the correlation
length for [BMIM|BF4-D,O mixtures increases with increasing x;, from 0.2 to
0.6, then decrease with the further increase in x;;, resulting in a maximum
between x;,=0.6 and 0.8. Such result confirms that [BMIM|BF, and water
molecules show the maximum inhomogeneity at x;;, ~0.07 in the investigated

molar fraction range. This finding is an important validation for the whole
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data set, as it reproduces quantitatively the inhomogeneity trend previously
reported [60]. Interestingly, Fig.3.9 shows that a similar molar fraction de-
pendence can be observed for the case of [BPy|BF4-D50O solutions, again with
a maximum & value at around x;;,=0.07. It is interesting to compare the
Ornstein-Zernike correlation lenghts of [BPy|BF;-D2O and [BMIM|BF,;-D2O
mixture at the same x;7,=0.07. The maximum ¢ value for the former mixture
is ~4A smaller smaller than the corresponding for [BMIM]BF,-D,O mixtures.
At this stage, it is tempting to postulate that the common anion is dictating
the trend in density fluctuations, leading to the value of x;,=0.07 as a de-
scriptor of the maximum inhomogeneity. Conversely, the chemical structure
of the cation seems to affect the value of the correlation length. The behav-
ior observed for the other two systems, [BPy|TfO-D,O and [BMIM]T{fO-D;O
mixtures, is indeed consistent with such an assumption. The curves related to
the systems sharing the TfO™ anion and shown in Fig.3.9 point out that both
mixtures have the maximum inhomogeneity at the sam value of IL molar frac-
tion x;;, /~0.05. In turn, the maximum correlation lengths for the two systems
are 7A and 9A respectively, thus showing the decrease of & observed before,
although attenuated (4;1 vs 2A difference on passing from the BF, to the
TfO~ solutions). These results suggest a scenario where the inhomogeneous
distribution of IL and water molecules is maily driven by by the nature of the
anion species. The strongest effect is associated to the small, conformationally
rigid, symmetric and charge localized BF ion, while the larger, more flexi-
ble, polarizable and charge delocalized TfO™ induces a smaller effect. From
this standpoint, the x;7 (maximum) from SANS experiment is a direct finger-
print of the solvation features of the anion. The correlation lengths are more
related to the cation structure, and probably affected by a complex balance
of hydrophilic/hydrophobic contributions of the alkylpyridinium vs alkylimi-
dazolium ions. This interpretation seems to be consistent with the tempera-
ture response of the four examined systems as shown in Fig.3.10. The curves
compare the Ornstein-Zernike correlation lengths estimated at two different
temperatures for the four selected ILs as function of x;;,. In all of the cases,
the values of xIL(maximum) are temperature independent, thus confirming
this parameter as a descriptor of the solvation features. For all systems, the

¢ magnitudes gradually decrease with increasing temperature decreases, thus
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suggesting that ¢ can be correlated to the extension of the solvation shell of
the IL.
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Figure 3.9: Correlation lengths & extracted for [BPy|BF, (open blue rhombs), [BMIM|BF,
(full blue rhombs), [BPy]TfO (open pink circles and [BMIM]TfO (full pink circles) water

mixtures as function of molar fraction at 298 K. The solid lines are guides for eyes.

Fig.3.9 shows the Ornstein-Zernike correlation lengths estimated for the
four selected ILs as function of x;;,. The trend obtained for [BMIM|BF,/D50O
mixtures is consistent with that found in previous SANS experiments by Almasy
et al. [60]. As seen in this figure, the correlation length for [BMIM|BF,-D;O
mixtures increases with increasing x;;, from 0.2 to 0.6 and decrease again with
the further increase in x;, resulting in a maximum between x;7,=0.6 and 0.8.
Such result suggests that [BMIM|BF, and water molecules are most heteroge-
neously mixed with each other in the mixtures at x;;, ~0.07 in the investigated
molar fraction range. Interestingly, a similar molar fraction dependence it is
observed for the case of [BPy|BF;-DyO solutions with a maximum ¢ value
at around x;,= 0.07. Moreover, the Ornestein-Zernike correlation lengths of
[BPy|BF4-D,O mixture is ~3 A smaller than for the [BMIM]BF4-D,0O ones
in the region of its maximum. Looking at the behaviour exhibited by TfO~

cases shown in Fig.3.9, it is possible to observe a decrement of x;;, value corre-
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spondence to the maximum & value both for the case of [BMIM]* and [BPy|*
cations. These results suggest a scenario that the molar fraction range with
the strongest inhomogeneities (or: inhomogeneous distribution of IL and water
molecules) is influenced rather by the nature of the anion species and not by the
cation ones. Moreover, both for the case of BF, and TfO~ anions, a smaller
correlation length is obtained for [BPy]™ with respect to [BMIM]". The lat-
ter result gives evidence that the system composed by imidazolium-based IL

exhibits a stronger inhomogeneity when mixed with water molecules.
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Figure 3.10: Comparison between the correlation lengths £ collected at 298 and 325 K for
a) [BPy|BF4, b) [BMIM]BFy, ¢) [BPy]TfO and d) [BMIM]T{O - water mixtures as function
of molar fraction. The solid lines are guide for eyes.

Fig.3.10 compares the Ornstein-Zernike correlation lengths estimated at
two different temperatures for the four selected ILs as function of x;;,. For all
systems, the £ magnitudes gradually increase when the temperature decreases.
This result reflects that the heterogeneity of IL-D,O mixture is gradually en-
hanced with decreasing temperature. As first remark, it is possible to notice
that this behaviour is more evident for the case of BFy (see Fig.3.10 (a)-(b)),
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while the ILs composed by TfO show a slight temperature dependence (see
Fig.3.10 (c)-(d)). By the inspection fo Fig.3.10, it is possible to notice that
at the concentration in correspond to the maximum inhomogeneity, the cor-
relation length is strongly affected by the temperature. It is thus shown that
the heterogeneity of the IL-D50O is most drastically evolved in the mole frac-
tion range investigated when the temperature decreases at x;; 0.07 and 0.05
for BF, and TfO™-based ILs, respectively. A second aspect, Fig.3.10 points
out that the molar fraction value where we observe the maximum ¢ value is
independent by the temperature for all selected ILs.

For the case of imidazolium-based ILs, the description of water behaviour
has been enriched by UVRR scattering with the aim to define its local re-
arrangement from a molecular point of view. In fact, UVRR spectroscopy
represents a valid method able to probe the molecular state of water in the
presence of co-solvent or solute [72-74]. In particular, the OH stretching mode
is very sensitive to water environment and intermolecular interactions and the
corresponding Raman signal can be used to gain specific information on the H-
bonding state of water molecules in the pure liquid state or in aqueous mixtures
of different chemical substances. In this work UVRR analysis has given the
possibility to study the different molecular state of water in imidazolium-based
ILs function anion species, revealing structural changes in the local H-bonding
network of water. The same procedure was not performed for pyridium-based
ILs, due to the great UV absorbance of cation species that does not permit to
detect the Raman vibrational feature associated to water molecules. At the
same time, the use of visible excitation wavelength for these selected ILs is
hampered by the presence of a strong fluorescence signal.

Fig.3.11(a-b) shows the evolution of UVRR spectra in the case of [BMIM]BF,
and [BMIM]TfO upon the addition of water in the mole fraction range of 0.2 <
X7, < 0.02. The spectra of pure ILs and HyO are reported in the graphs for the
sake of comparison. The hydration water features can be better visualized by
the difference spectra shown Fig.3.11(c-d) and calculated by subtracting the
rescaled spectrum of neat water from the spectra of IL/water mixtures [75].
This procedure allows to isolate the spectral distribution associated to those
water molecules which are structurally affected by the interaction with the IL,

especially with the anion moieties. In fact, it is well known that the changes of



CHAPTER 3. THE PECULIAR EFFECT OF WATER IN ILS 43

3400 3500 3600|370 3400 3500 3600 | 3704

Raman Intensity (arb.units)

s
s~ W Ta Y

2800 3200 3600 2800 3200 3600
Wavenumber (cm™)

Figure 3.11: TOP: Concentration-evolution of UVRR spectra for a) [BMIM|BF, and
b) [BMIM]|T{O aqueous solution collected at 248 nm. BOTTOM: Difference spectra ob-
tained by subtracting the spectrum of pure water from that of the ¢) [BMIM]|BF, and d)
[BMIM]T{O aqueous solutions.

the OH stretching band mainly depend on variations of the state of water act-
ing as H-bond donor in the H-bond reorganization, which would be essentially
related to the intervention of new O-H- - - X interactions with the anion species.
Conversely the cation-water H-bond interactions, which are expected to play
a role in the investigated systems, do not affect OH stretching features. For
both ILs, the difference spectra are localized at higher frequency with respect
to the OH stretching band of pure water (see Inset of Fig.3.11(c-d)). Such blue
shift points out the formation of weaker H-bond interactions between water
and anion species than water-water ones.

In Fig.3.12 it is possible to observe the difference spectrum obtained for
the [BMIM|BF, solutions at at x;,=0.20. Such Raman profile is composed
by three components centered at ~ 3475, 3565 and 3625 cm ™! and labeled as
band I, band II and band III, respectively. The last two features are some-
times called nearly-free hydrogen bands (NFHB) [76,77]. Band II and III can

be associated, respectively, to the symmetric and antisymmetric stretching of
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Figure 3.12: LEFT: Comparison between the difference spectra of [BMIM|BF,/H20 mix-
ture at x77,=0.20 (dark green) and 0.03 (light green). RIGHT: Comparison between the
difference spectra of b) [BMIM|BF, and ¢) [BMIM]TfO aqueous solutions at xyz,=0.20.

water molecules having both OH groups involved in the formation of weak H-
bonding interactions with two different anions: F~---H-O-H---F~. A similar
description was reported by Cammarata et al. [29], who investigated the OH
stretching mode of [BMIM|BF,/H,O mixtures at very low water concentration
(0.96 < x71 < 0.81) by ATR-FTIR spectroscopy. It is interesting to note that
the presence of similar components is detected even when a large fraction of
bulk water is present within the system (x;,=0.20). Fig.3.12(a) compares the
difference spectra of [BMIM|BF,/H,0 at 0.20 and 0.03 of molar fraction. It
is possible to observe a clear change on the shape of the band upon water
addition, with a relative enhancement of the high frequency component of the
profile. Possibly this variation can be associate to the changes of hydration
water properties related to the dissociation of IL aggregates with dilution. In
fact the probability of formation of water adducts with two anions will reduce
with the increase of water fraction. Thus, it is possible to suppose that with
the increase of number of HoO molecules in solution, water-water interaction

will tend to substitute water-anion ones and at higher dilution hydrating water
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will be bonded with only one OH group to an anion while the second OH group
will be bonded to water (F~----H-O-H- - - O). Likely the spectral contribution
of the OH group singly bonded to the anion resonates at around 3620 cm™?,
close to the III component. The proposed picture can be correlated with in-
homogeneity variations detected by SANS: x;;, > 0.12 extended IL aggregates
exist that favor the formation of BF--- - H-O-H- - - BF, adducts at the IL/wa-
ter interface; for x;;, < 0.12 the reduction of IL aggregation occurs bringing to
a decrease of spatial heterogeneity in the sample. Band I labeled in Fig.3.12(a)
appears at low frequency with respect to the two components described above.
This signal is indicative of stronger H-bond interaction formed by the corre-
sponding OH oscillators in comparison to component II and III. This band is
can be attributed to water-water H-bonds partially affected by the presence of
the anions, which might cause the partial destructuring of the ordered network
typical of bulk water. Fig.3.12(c-d) show a comparison between the difference
Raman spectra of the two selected ILs at x;;,=0.20. While difference spec-
tra of [BMIM|BF, are characterized by manifold components, the profiles for
[BMIM]T{O appear composed by only one broad component. Such a band
appears at lower frequency with respect to band II and band III, and can be
tentatively attributed to the formation of water-TfO~ H-bonds stronger for
when compared to the BF, case, in agreement with results reported in litera-
ture [29]. There is not a significant evolution of difference Raman spectra in
the case of [BMIM]|T{O solutions as a function of water concentration (see Inset
of Fig.3.12(d)). This suggests that the state of hydration water is not affected
within the explored range. Such behaviour is in line with SANS results which
indicate weaker inhomogeity extent in [BMIM]|TfO aqueous solutions with re-
spect to the case of [BMIM]BF,. The former system appears less structured
and the IL cluster formations are not extended. For this reason, the addition

of water does not induce a strong structural reorganization.



Chapter 4

Stability of model peptides in

ionic liquid /water solutions

4.1 Aqueous solvation of peptides probed by
UVRR spectroscopy

In this section we will present some results aimed to show the potentiality
of SR-based UVRR technique for investigating the solvation dynamics of pep-
tides. These organic molecules, consisting of short chains of amino acids, are
widely investigated for their biomedical relevance. When they are dissolved
in aqueous solution, the characteristic structure, dynamics and functions of
peptides are strongly affected by water due to the unique H-bonding capabil-
ity of this solvent [78]. Considering that water plays a fundamental role in
many biological process involving proteins [79-82], aqueous solutions of sim-
ple peptides are usually chosen as model systems to tackle the investigation
of water-protein interactions at the atomic scale [83]. UVRR spectroscopy is
a powerful tool for studying the conformational rearrangements occurring in
peptides [84-88] and proteins [89,90] and the role played by the water sol-
vent in driving these structural changes. The higher sensitivity of UVRR
technique respect to spontaneous Raman scattering is crucial for allowing to
investigate peptides in very diluted conditions while maintaining a satisfactory

quality of the spectra. Moreover, UVRR spectra excited at energy within the
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amide 7-7* transition are dominated by the Raman modes arising from the
backbone of peptides These amide vibrations are characterized by frequency
position, intensity and bandwidth that depend sensitively on structural con-
formation of peptides [85,91]. In an effort to provide insights on the sol-
vation dynamics on simple model peptides, we chose to investigate the pair
of dipeptides N-acetylglycine- methylamide (NAGMA) and N-acetyl-leucine-
methylamide (NALMA). Fig.4.1 shows the chemical structure of these two
molecules that are quite similar, except than for the hydrophobic leucine side
chain bound to the hydrophilic backbone of NALMA. This confers it a more
hydrophobic character with respect to the hydrophilic nature of NAGMA.
The pair of these peptides has been especially studied by experimental and
simulation techniques since NALMA and NAGMA have been demonstrated to
mimic important characteristics of proteins [92-99]. However, few studies were
performed in a very wide concentration regime of NALMA /NAGMA in aque-
ous solution [96,97,100-102], probably due to the need of using experimental
techniques able to distinguish the contribution of peptides from that of solvent
water also in very diluted conditions. Here we report an SR-based UVRR spec-
troscopic investigation on solutions of NAGMA and NALMA in a wide range
of concentration ranging from very concentrated to diluted conditions and as a
function of temperature. By opportunely choosing the excitation wavelength,
the primary amide vibrations of peptides can be strongly enhanced in the
UVRR spectra. These signals are used as sensitive spectroscopic markers of
the hydrogen-bonding environment of backbone of NALMA and NAGMA at

different experimental conditions [129].

(a) NAGMA (b) NALMA
o) o]
CHg—C—-HN—CH—Cl—'H—CH3 CH;=C=——=HN=—=CH==C=—HN=—=CH,
o CH,
CH==CH,

CH,

Figure 4.1: Chemical structure of the two dipeptides N-acetyl-glycine-methylamide
(NAGMA) (a) and N-acetyl-leucinemethylamide (NALMA) (b)
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4.1.1 Experimetal methods
Sample preparation

N-acetyl-leucine-methylamide (NALMA) and N-acetyl-glycine-methylamide
(NAGMA) were purchased from Bachem and used without further purification.
The aqueous solutions of peptides were prepared by dissolving NAGMA or
NALMA in doubly distilled deionized water at different concentrations, rang-
ing from about 300 to 2 mg/ml. At these values of concentration, the solutes
are totally dissolved and the solutions appear limpid. The UVRR spectra were

acquired at different values of temperature ranging from 293 to 368 K.

UV Raman scattering measurement

UVRR spectroscopy experiments were carried out using the setup de-
scripted in detail in Chapter 2. The Raman spectra were collected at 228 and
266 nm of excitation wavelenght. Visible Raman spectra were collected on
dry peptide powders by means of a micro-Raman spectroscopic setup (Horiba-
JobinYvon, LabRam Aramis) with a spectral resolution of about 1 cm™!. The
exciting radiations at 633 nm and 532 nm were provided by a He-Ne and a Nd-
Yag laser, respectively. The fitting procedure of the UVRR spectra of NAGMA
and NALMA solutions in the amide region was implemented by using a sum
of a minimum number of Pseudo-Voigt functions. All the parameters were
initialized with reasonable values and then they were gradually released up to

the convergence of the fit.

4.1.2 Results and discussion

Fig.4.2 shows the Raman spectra of dry peptides NAGMA and NALMA
(panels at the left and at the right, respectively) collected by using different
exciting radiations, ranging from 633 to 228 nm. As first remark, it has to
be noted the variations in the relative intensity of the Raman peaks of both
the peptides depending on the exciting wavelength, especially in the spectral

' As common vibrational feature to all

1

region between 1200 and 1800 cm™
the spectra of Fig.4.2, it can be recognized the Raman signal at ~1650 cm™
that is assigned to the Amide I (AI) band. This mode is mostly due to the
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Figure 4.2: Raman spectra of dry NAGMA (panels at the left) and NALMA (panel at the

right) excited at wavelengths of 633, 532, 266 and 228 nm and collected in the 1000-1800

em~! wavenumber region. The sketches at the top of the panels highlight the hydrophilic

(atoms colored in blue) and hydrophobic (atoms colored in magenta) portions of the two
peptides.

stretching vibration of the C=0 of the amide linkage in the peptide back-
bone [89,103-107]. Interestingly, AT mode appears splitted in two subcompo-
nents at ~1640 and 1653 cm™! in the Raman profiles of NAGMA while the
spectra of NALMA exhibit one single vibrational mode at ~1650 cm~! . This
difference can be ascribed to fact that, in crystalline form, the amidic C=0
groups of NAGMA peptide are differently involved in intermolecular H-bonds
with respect to the interactions occurring in NALMA [108]. The presence of
two components for Al in the spectra of NAGMA is consistent with the co-
existence of C=0 oscillators with a slight different strength. This suggests
that the C=0 groups of the NAGMA backbone can be engaged in more than
one H-bond with the neighboring molecules. Conversely, the occurrence of one
single peak for Al in the spectra of NALMA support the hypothesis that the
C=0 groups of the amide linkage in this peptide are mainly involved in only

one H-bond or that both C=0 interact with more or less the same strength.
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This difference in the crystal arrangement of the two peptides could be as-
cribed to steric hindrance reasons. The UV-excited Raman spectra in Fig.4.2
show the progressive increasing at lowest excitation wavelengths of the Raman
cross section of the amide IT (AIT) signal that is found at ~1565 and 1560 cm ™!
for NAGMA and NALMA, respectively. This vibrational mode results by the
out-of-phase combination of N-H bending and C-H stretching movements of
the groups in the amide linkage [89,103-107] and it is usually completely ab-
sent in the spontaneous Raman spectra of peptides and proteins, as evident by
inspection of Raman spectra excited at 633 and 532 nm in Fig.4.2. The strong
enhancement of AIl band both in the spectra of NAGMA and NALMA takes
place at excitation wavelength of 266 and further increases at 228 nm. This
trend is consistent with the increment of the molar absorptivity that occurs
by approaching to the amide 7* — 7* electronic transition at ~190 nm and
it has been previously observed also on other peptide systems [103, 104, 109].
The selective enhancement of AIl band observed in Fig.4.2 for NAGMA and
NALMA can be explained with the formation of H-bond involving the peptide
amide sites that tend to stabilize the ground state dipolar resonance struc-
ture ~O-C=NHj that becomes more favored with respect to the neutral reso-
nance structure O-C=NH32. The contraction of the C-N bond length results
in turn in an enhancement of the Raman cross section of the AII vibrational
mode. Interestingly, the UVRR spectra of Fig.4.2 evidence that the excita-
tion wavelength at 266 nm gives rise to the highest enhancement for amide
IIT band (AIII), especially for NAGMA peptide. This band is a very complex
mode arising from the in-phase combination of N-H bending and C-H stretch-
ing [91,105-107,110,111] and it is found at ~1260 and 1256 cm~! for NAGMA
and NALMA, respectively, Since all the amide signals are very sensitive to
the hydrogen bonds involving the peptide amide sites, these Raman bands
can be used as marker of the local interaction between peptides and water at
different experimental conditions. In particular, due to the different normal
modes composition of these bands, Al band exhibits a major sensitivity to the
H-bond engaging the C=0 groups whereas the AIl band is mainly affected by
the interactions at the N-H site [112].

Fig.4.3 points out the concentration-dependence of UVRR spectra collected
for aqueous solutions of NAGMA in the spectral region between 1000-1800
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Figure 4.3: UVRR spectra of NAGMA aqueous solutions as a function of concentration
collected between 1000 and 1800 cm~! at 303 K. Inset: comparison between the UVRR
spectra of the most concentrated (206 mg/ml) and most diluted (5 mg/ml) solution of
NAGMA; the profiles have been normalized on the intensity of AIIl band. An example of
the spectral decomposition of the Raman profile into AT and AII bands is shown for the
solution at 206 mg/ml.

ecm~! . It has been chosen to use 266 nm of wavelength for exciting the Raman
profiles since in this resonance conditions all the three amide bands arise in the
spectra with a relative comparable intensity. The collection of experimental
profiles in Fig.4.3 displays significant spectral changes that occur varying the
concentration of peptide NAGMA in water. A similar behavior is observed for
the solutions of NALMA peptide (data here not reported). The most signif-
icant concentration-dependent modifications are observed for the shape and
wavenumber position of Al and AIl band whereas AIII signal remains sub-
stantially unchanged, as clearly evident by the comparison reported in the
inset of Fig.4.3. It is to noteworthy that the improved sensitivity of UVRR
spectroscopy respect to non-resonance technique allows to probe concentration-
dependent modifications on Al band that are not detectable by using standard
visible Raman scattering on similar solutions of NALMA in water [100]. This is
probably related to the fact that the OH bending signal of water strongly dom-
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Figure 4.4: Concentration-dependence of wavenumber position observed for Amide I (a)
and Amide IT (b) bands of NAGMA and NALMA at 303 K. Inset: ratio between the intensity
of AT and AII band for NAGMA and NALMA as a function of concentration of peptide in

water.

Fig.4.4 shows the concentration-dependence of wavenumber position ob-
served for AT and AII bands for the solutions of NAGMA and NALMA. The
frequency positions of the two bands have been estimated by the spectral
decomposition of the experimental profiles, performed by implementing the
fitting procedure described in the section of experimental methods. An exam-
ple of the spectral decomposition of the Raman profile into AI and AII bands
is shown in the inset of Fig.4.3 for a solution of NAGMA. By looking to the
trends in Fig.4.4, it can be clearly observed both for NAGMA and NALMA
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that the increment of water molecules available per peptide in the more di-
luted solutions induces an opposite behavior for the two amide modes, i.e. a
red-shift of AI band and a blue-shift for the AII signal. This finding suggests
that at high dilution of peptide in water the solute-solute interactions become
gradually more and more negligible and the amide C=0O groups are more
strongly involved in H-bond with the surrounding solvent molecules. Then,
the corresponding CO oscillators are expected to vibrate at lower frequency.
In line with this picture, the blue-shift observed for AIIl band in the plots of
Fig.4.4 can likewise be explained by the contraction of the C-N bond length
in the amide groups upon the increment of the number of water molecules
bonded on C=0 site [91,109, 111-113]. More interestingly, while AII band
shifts progressively to higher wavenumbers by increasing of dilution, Al sig-
nal exhibits a sharp decrement in the frequency position for concentrations of
peptide in water lower than 50-60 mg/ml. A similar trend is also recalled by
the severe increment observed for the ratio between the intensity of Al and
AIT band below the same concentration of ~50 mg/ml and reported in the
inset of Fig.4.4. It has to be noted that the behaviour is found common for
the two peptides NAGMA and NALMA. This suggests a drastic change of the
solvation properties occurring at concentration of 50-60 mg/ml for the peptide
solute molecules that is more strongly reflected on the HB strength formed
on the amide C=0 groups of the peptide backbone. This is consistent with
Optical Kerr Effect (OKE) measurements performed on aqueous solutions of
NAGMA and NALMA [101] that identify a change in the water dynamics
in correspondence of a concentration of peptide in water of about ¢=0.4 M
(corresponding to ~50 mg/ml for both the two peptides). The occurrence of
these two concentration regimes is explained with a picture where at c¢<0.4
M the peptides molecules are homogenously distributed without significantly
affecting the H-bond water arrangement, whereas for ¢>0.4 M the ice-like
tetrahedral water network is strongly perturbed by the presence of the solutes.
This explanation could be in line with the severe H-bond restructuring around
the C=0 peptide sites observed in the corresponding low concentration regime
of NAGMA and NALMA in water. Moreover, the same behaviour exhibited
by NAGMA and NALMA in Fig4.4 suggests a similar solvation dynamic for
the pair of peptides in the explored regime of concentration. Fig4.5 display the
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Figure 4.5: Temperature-evolution of UVRR spectra collected from 293 to 368 k for aqueous
solutions of NAGMA (a) and NALMA (b) at concentration of ~200 mg/ml. An example of
spectral decomposition for the profile of NAGMA at 293 K is shown in the panel (a).

temperature-evolution of 266 nm-excited Raman spectra collected for concen-
trated aqueous solutions of NAGMA and NALMA. By inspection of Fig.4.5
(a) and (b), it appears evident that the increasing of temperature induces in
both the solutions of peptides a slight upshift of the AI band while a more pro-
nounced downshift of the AIl and AIII signals is found. This trend, already
observed on other peptide-water systems [109,114] reflects the effect of thermal
motion on the oscillator strength of Amide modes [112] that is mediated by
the changes induced on the H-bond interactions involving the amide peptide
sites. In order to extract more quantitative information on the temperature
dependence of the amide bands, the collections of UVRR profiles in Fig.4.4
have been fitted as described above. An example of spectral decomposition for
the profile of NAGMA is shown in Fig.4.4(a).

Fig.4.6 displays the temperature-dependent evolution of the wavenumber
position for AI, IT and III bands for both the peptides NAGMA and NALMA.
The trends observed for the wavenumber positions of all the Amide bands upon

the increasing of temperature, i.e. blue-shift for Al and red-shift for AIl and
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Figure 4.6: Temperature-dependence of wavenumber position observed for Amide I (a), IT
(b) and III (c) bands for aqueous solutions of NAGMA and NALMA (c~200 mg/ml).

AIII, suggest a progressive weakening of the HB between water molecules and
the amide C=0 and N-H groups of the backbone of the two peptides, due to the
increasing of thermal motion. The opposite temperature-behaviour found for
the amide bands was expected on the basis of the different normal mode com-
position of these bands [112], as discussed above. Fig.4.6(a) and (b) point out
also a redshift of some cm™! observed for the wavenumber position of Al and
AII band of NALMA with respect to NAGMA. The difference persists over the
whole investigated temperature and concentration ranges (see trends reported
in Fig.4.4). This finding can be related to the presence of the hydrophobic
portion in the structure of NALMA that tends to affect the distribution of

the water molecules around peptide backbone. Molecular dynamics simula-
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tions [115] suggest that the solvent molecules are quite uniformly distributed
around hydrophilic peptide NAGMA while they prefer to orient around the hy-
drophilic portion of NALMA instead than around its hydrophobic side chain.
This is consistent with a general major strength observed for the water-solute
interactions that involve both the C=0 and the NH groups of the backbone
of NALMA with respect to NAGMA.

4.2 Solvation of glutathione in presence of ionic
liquids

The unique physical-chemical properties of IL have motivated a growing
interest in their use as solvents in a broad variety of technical applications
ranging from chemistry over physics to biological sciences. For all these ap-
plications, the unique architecture of IL, consisting of a large variety of com-
binable anions and cations, allows for an enormous number of possibilities for
a fine tuning of properties such as viscosity, polarity or miscibility with other
molecul ar liquids and solvents. More recently, the studies on the toxicity of IL
toward living organisms has stimulated several chemical-physical investigation
on the interaction between IL and basic biological systems, such as saccha-
rides, membranes, peptides/proteins and nucleic acid [116-118]. In particular,
it has been found that certain IL exhibit several positive effects on proteins,
including an increased thermal stability, the suppression of aggregation and
an enhanced refolding ability [119]. In this context, IL can act both as sol-
vents replacing water and volatile organic compounds and as additives able
to affect the properties of proteins in water solution [119,120]. Despite the
large efforts devoted to the study of the behavior of proteins in ILs or their
aqueous solutions, much less is known about the IL interactions with peptides
and oligopeptides, although this would certainly help to clarify the complex
phenomena occurring between proteins and IL. The fundamental investigation
of the effect of IL on small peptide systems is a prerequisite step in order
to better understand and predict the composite effect felt by more complex
proteins [121]. Some experimental results have reported on the effect of ad-

dition of imidazolium-based IL to water solutions of short linear and cyclic



CHAPTER 4. AQUEOUS SOLVATION OF PEPTIDES 57

HS
O O H O
NHy 1 0o
Glu Cys Gly

Figure 4.7: Structure of GSH in its protonated form.

glycine peptides [122,123]. The studies, performed by using NMR, suggest
that the choice of anion of IL and the IL concentrations strongly affect the sol-
ubility and stability of peptides in solution [123]. However, a comprehensive
overview, at molecular level, of the fundamental aspects of the interactions
between peptides/oligopeptides and imidazolium-based IL is still lacking. The
present study aims to provide new insights on the mechanism of interactions
between imidazolium-based IL and a model peptide, i.e. reduced glutathione
(GSH). It is a tripeptide, present as a sub-major constituent in the intracel-
lular space of plants, animals andmicroorganisms, composed by three amino
acid residues, i.e. glutamic acid (Glu), cysteine (Cys) and glycine (Gly). Its
chemical structure is shown in Fig.4.7. The major role of GSH is in the en-
zymatic reduction of hydrogen peroxide and other peroxides and in general in
the protection of cell components against oxidation for maintaining a reducing
cellular environment. Indeed, the thiol group of GSH is a powerful reducing
agent that has, as a target, the Reactive Oxygen Species (ROS). The tripep-
tide exists in the organisms in its reduced (GSH) and oxidized (GSSG) states,
and maintaining an appropriate ratio between these two forms is fundamental
to prevent cellular oxidative stress. If there is a deficiency of GSH in the cell
environment, there is the risk of membrane oxidation, which is related with
the onset of a great amount of pathologies [124-126].

The systematic investigation of the effect of IL on the solvation properties of
GSH should lay the foundation for a broader understanding of the IL—peptide
and IL—protein interactions, also in view of the development of peptide chem-
istry and biochemistry applications. In this sense, experimental methods of
molecular resolution would certainly represent a useful tool for clarifying the

basic principles of the underlying unique peptide/IL interactions. In light of
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the great potentiality of UVRR spectroscopy shown in the previuos session,
UVRR experiments have been carried out in order to elucidate the solvation
properties of GSH in pure water and in a binary mixture water/ILs. In par-
ticular, we have selected imidazolium-based ILs with different anions choosing
from those of the halogen group (C17,Br~ and I~ ), in order to focus the at-
tention on the effect of these anions on the solvation dynamics of GSH. It
has been observed in previous works that usually the variation of the anion
tends to exhibit higher effects on proteins stability compared to change of the
cation [127]. This has been explained by invoking the fact that anions are

more polarizable compared to cations [128].

4.2.1 Experimental method
Sample preparation

GSH (Cy0H17N306S, v-L-Glutamyl-L-cysteinyl-glycine) was purchased from
Sigma Aldrich (< 98.0%) and used without further purification. 1-butyl-
3-methylimidazolium chloride ([BMIM]CI), 1-butyl-3-methylimidazolium bro-
mide ([BMIM|Br) and 1-butyl-3-methylimidazolium iodide ([BMIM]I) were
purchased from IoLiTec with a purity of 99%. GSH peptide was dissolved
in IL/water solution obtaining a final concentration of 20mg/mL with a molar
ratio 1:1 for GSH and IL.

UV Raman spectroscopy measurements

UVRR spectroscopy experiments were carried out using the setup de-
scripted in detail in Chapter 2. The Raman spectra were collected at 266
nm. The spectral resolution was set to about 6 cm™ in order to have a sat-
isfactorily high signal to noise ratio. The calibration of the spectrometer was
standardized using cyclohexane (spectroscopic grade, Sigma Aldrich). The
power of the beam on the sample was kept sufficiently low (a few W) in order

to avoid photo-damage effects and heating of the sample.
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Figure 4.8: Temperature-evolution of UVRR spectra collected at 266 nm from 293 to 343 K
(AT= 5 K) for aqueous solution of GSH. Inset: Comparison among UVRR spectra of GSH
in pure HyO (blue curve), [BMIM]CI/H20 (green curve), [BMIM]|Br/H;0 (orange curve)
and [BMIM]I/H2O (violet curve) solutions at 293 K.

4.2.2 Results and discussion

Fig.4.8 shows the temperature-evolution of the UVRR spectra collected for
GSH in aqueous solution. Similarly to the case of NAGMA and NALMA, the
increasing of the temperature from 293 to 343K induces a slight upshift of the
AT band and a more pronunciated downshift of AII. The opposite temperature
behavior, down- and up-shift found for AI and AII respectively, can be ratio-
nalized by considering the different normal mode composition of these modes.
In particular, the sensitivity to H-bonds strength of the AI mode mainly de-
rives from the C=0O group of the peptide while the frequency dependence of
the AII vibration primarily is due to the H-bond involving the N-H groups of
the peptide linkage. With increasing temperature, it clearly appears a signal
at 1500 cm™! that is assigned to the cis-amide bands (cis-AII). This band is a
marker of the conformational change from trans to cis isomer of GSH promoted

by the thermal motion. The intensity of the cis-AIl band increases with the
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increasing of temperature but without any frequency shift, differently to the
trans-All temperature behavior. This suggests that cis—All signal is mainly
due to C-N stretching [109]. The experimental UVRR profiles of GSH have

Lin order to

been analyzed in the spectral region between 1500 and 1800 cm™
extract more quantitative information and to better compare the effect induced
by the different ILs. To this purpose, a fitting procedure of the experimental
data has been implemented in order to extract the most significant parameters
of Amide bands, i.e. the frequency position and intensity of Al and AII.
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Figure 4.9: Temperature-dependence of wavenumber position observed for Amide I (a)
and II (b) and intensity ratio of AII/AI (c) for GSH dissolved in pure HoO (blue circles),
[BMIM]C1/H30 (green triangles), [BMIM]Br/H5O (yellow rhombs) and [BMIM]I/H20 (vi-
olet circles) solutions.

Fig.4.9(a-b-c) display the temperature-dependence evolution of the wavenum-
ber position for Al and AIIl bands and the intensity ratio between AIl and Al
band for GSH in the different solvents. By inspection of Fig.4.9(a) it ap-
pears that the thermal dependance exhibited by the frequency of Al is practi-
cally the same for GSH in aqueous solution and in presence of [BMIM|CI and
[BMIM|Br. For all these systems, a blue shift of about 5 cm™ is observed as a
consequence of the increment of temperature from 293 to 343 K. As discussed
also for NAGMA and NALMA, this behaviour is consistent with a weakening
of H-bonds established between amide carbonyl groups and the surrounding
molecules inside the hydration shell of peptide. A different behaviour is ob-
served for the case of GSH dissolved in [BMIM]I/H50O solution, where the Al
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band remains at the same frequency position in all the explored temperature
range. This result suggests a strong capability of [BMIM]I to form H-bonds
with the carbonyl groups of peptide backbone on GSH whose strength is only
slightly affected by the temperature changes. Panel (b) of Fig.4.9 displays the
comparison between the temperature-dependance of frequency position of AII
for GSH dissolved in the pure water and IL/water solutions. Considering the
normal mode composition of AlIl, the observed red-shift as a function of tem-
perature is consistent with the weakening of H-bonds involving N-H groups
of the peptide linkage. With respect to GSH dissolved in pure water, it is
possible to notice that the AII band is red-shifted in presence of [BMIM]CI
and [BMIM]Br, especially at low temperature. The highest downshift is found
in presence of the chloride anion. At the contrary, in the presence of [BMIM]I
the AII frequency is blue-shifted compared to the position observed for GSH
in pure water in all the temperature range explored. This means that Cl and
Br anions are able to decrease the oscillation vibrational frequency at the NH
site of the peptide link, consistently with the anion electronegativity strength.
Conversely, the presence of iodide anion affects the NH site by inducing an in-
creasing of the oscillation frequency of AIl vibration. Both the red-shift than
the decreasing of Al intensity (see Fig.4.9¢) suggest that Cl anion mooves the
equilibrium of GSH structure towards the non-zwitterion form of peptide link.
The same role is also played by Br anion but in less evident matter. Con-
versely, I~ favours the zwitterion form of peptide GSH that is reflected both in
a blue-shift and in an enhancement of AIl band intensity. Other experimental
investigations are currently underway in our group in order to better explain
the IL-GSH interaction with the aim to support the vibrational spectroscopy
results with molecular dynamic simulation. This will permit to identify the

site of interaction of GSH with anion species.



Chapter 5

Conformational stability of
DNA in ionic liquid-water

solutions

Deoxyribonucleic acid (DNA) is a macromolecule of pivotal biological role
thanks to its ability to store the genetic instructions for the growth, function-
ing and development in the cell. It plays key role in many biological processes,
i.e. gene expression transcription and carcinogenesis [130]. Due to its proper-
ties together with its chiral structure [131], DNA represents a key component
in pharmaceutical and biomedical studies and a crucial material in the devel-
opment of advanced molecular device [132,133]. From a structural point of
view, DNA is composed of two linear strands of nucleotides that coil around
each other to fomr the characteristic double helix structure. Each nucleotides
is composed by a phosphste group, a deoxyribose monosaccharidic unit and
one of the four nucleobases (adenine, cytosine, thymine and guanine). The nu-
cleobases of the two chains interact by H-bond, according to the base-pairing
rules, connecting the two sugar-phosphate backbones. More precisely, purines
form H-bonds to pyrimidines, with adenine bonding only to thymine in two
hydrogen bonds, and cytosine bonding only to guanine in three H-bonds. This
arrangement of two nucleotides binding together across the double helix is
called a Watson-Crick base pair.

Fig.5.1 reports a representative chemical structure of DNA for two Watson-

62
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Figure 5.1: Chemical structure of DNA for adenine-thymine and guanine-cytosine base

pairs. Dashed lines represents Watson-Crick H-bonds.

Crick base-pairs with the conventions adopted for the numbering of atoms.
The asymmetrical spacing of the sugar-phosphate backbones generates major
grooves (where the backbone is far apart) and minor grooves (where the back-
bone is close together). Certain proteins bind to DNA to alter its structure or
to regulate transcription (copying DNA to RNA) or replication (copying DNA
to DNA) (see Fig.5.2).

The use of Raman spectroscopy for investigating the structure and dynam-
ics of DNA started in the late of 1960s and thereafter Raman-based methods
have been continuously implemented to probe nucleic acids and their biological
complexes [134-138]. The complex chemical composition of DNA and the fact
that usually the reproducing of physiological conditions requires to investigate
DNA in high diluted conditions (< 1 mg/mL) are the main limitations to the
application of conventional Raman spectroscopy to the study of this biological
macromolecule. Off-Resonance Raman spectra of DNA are characterized by a
strong overlapping of spectral contributions arising from different nucleobases
that can not be easily disentangled each other. UVRR spectroscopy takes the

advantage to selectively enhance the Raman bands that are mainly localized
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Figure 5.2: Structure of double-stranded DNA (type B).

on nucleotides rings. Then, the UVRR spectra of DNA are dominated by the
vibrational peaks associated to the four bases cytosine, guanine, adenine and
thymine while the Raman signals associated with the phosphate and sugar

backbones, as well as those arising from buffer and solvent are practically
negligible [139,140].

5.1 Selectivity of UVRR spectroscopy on nu-

cleobases

Fig.5.3 shows the comparison between the UV absorption spectra of 2’-
deoxycytidine 5'- triphosphate (dCTP), 2’-Deoxyguanosine 5'- triphosphate
trisodium (dGTP), 2’-deoxyadenosine 5’- triphosphate (dATP), thymidine 5’-
triphosphate (dTTP) and salmon DNA in the region between 210 and 300
nm. The structures of nucleobases with the conventional atom numbering are

displayed on the top panel of Fig.5.3. The absorbance spectrum of cytosine
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(dC) shows a band at ~ 275 nm and a shoulder at ~ 230 nm. The absorbance
spectrum of guanine (dG) presents two electronic transitions. The first one,
centered at ~ 255nm and labeled as transition I, is localized on the N7=C8
site, while the second transition, centered at ~ 275 nm and designated as
transition II, involves the triene fragment (C2=N3-C4=C5-N7=C8). Adenine
(dA) absorption spectrum displays the transition I localized on the N7=C8
double bond at ~ 260 nm. Finally, the absorption spectrum of thymine (dT)
exhibits a single transition at ~ 265 nm associated with the enone fragment
(C5=C6-C4=0) [141].
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Figure 5.3: UV absorption spectra of aqueous solution of deoxynucleotides dATP, dCTP,
dGTP, dTTP and salmon sperm DNA. Top panel: scheme of the structure of nucleotides

and numbering adopted for atoms.

Thanks to the quite different UV absorbance pattern exhibited by nu-
cleotides, a careful choice of the excitation wavelength in correspondence of
the electronic transitions of specific nucleobases allows to emphasize in the
UVRR spectra of DNA the contributions arising from individual bases [142].
This clearly appears by inspection of Fig.5.4 that displays the comparison
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among the UVRR spectra of salmon DNA excited at 228, 250, 260 and 272
nm.

Raman Intensity (arb.units)
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Raman shift (cm™)

1200 1400

Figure 5.4: UVRR spectra of aqueous solution of salmon sperm DNA collected at 228
nm, 250 nm, 260 nm and 272 nm of excitation wavelength. Capital letters indicate the
vibrational features assigned to vibrations localized on different nucleobases.

The main spectral features observed in the UVRR profiles of DNA in Fig.5.4
have been assigned to specific vibrations of purine and pyrimidine bases, as
reported in Tab.5.1.

The greater molar absorptivity of dC compared to the other bases dA,
dG and dT at about 228 nm (see Fig.5.3) results in a selective enhancement
of the vibrational signal associated to dC in the UVRR spectra excited with
this wavelength (Fig.5.4) [143]. In particular, it is possible to recognize the
vibrational peaks centered at about 1520 and 1650 cm ™! that are assigned to a
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Exp. Freq. 228nm [145] 250nm [144] 260 nm [139,141] 272nm
1335 cm ! dG §(C8H)+v(C8N7) dA v(C8NT7)+v(C5NT) dA v(C8NT7)+v(C5NT) dA v(C8N7)+v(C5N7)
dA v(C8N7)+v(C5N7) dG §(C8H)+v(C8N7)
dG v(C8N7)+v(N9C8)+ | dG v(C8N7)+1(NIC8)+ dG v(C8N7)+1(N9C8)+ dA v(N9C8)+5(C2H)+
1485 cm~ ! +6(C8H) +5(C8H) +5(C8H) +6(C8H9)
dT v(N1C2)+v(C2N3) dA v(N9C8)+5(C2H)+ dG v(C8NT)+v(N9C8)+
+5(C8HY9) +5(C8H)
1520 cm ! dC v(N3C4)+v(N1C2)
dA v(C5C4)+v(C4N3) dG v(C5C4)+v(C4AN3)+ dG v (C5C4)+v(C4AN3)+v(N7C5) dA v(C5C4)+v(C4N3)
1576 cm ™! +v(N7C5) +v(N7C5)
dG v(C5C4)+v(CAN3)+ dA v(C5C4)+v(C4AN3) dG v(C5C4)+v(CAN3)+
+v(N7C5) +1(N7C5)
1650 cm 1 dC v(C20)+v(C2N3) dT v(C40)+v(C5C4) dT v(C40)+v(C5C4) dT v(C40)+v(C5C4)
dC v(C20)+v(C2N3) dC v(C20)+v(C2N3)

Table 5.1: Assignment of main vibrational features in the UVRR spectra of DNA excited
at 250 nm and 266 nm

coupled stretching of N3-C4 and N1-C2 and to a coupled stretching of C2=0
and C2-N3 of dC, respectively [144].
in the UV resonance Raman enhancement pattern of DNA by shifting the
excitation wavelength from 228 to 250 nm. The 250-excited UVRR spectrum

is dominated by the vibrational mode at ~ 1485 associated to dG residue and

Fig.5.4 evidences significant changes

assigned to a combination of bending motion of C8-H and stretching movement
of C8=N7 and N9-C8. Similarly, the Raman band at ~ 1576 cm ™" is associated
to a stretching mode of bonds C4-N3, C5-C4 and N7-C5 of triene moiety [145].
The UVRR spectrum of DNA excited at 260 nm allows to better enhance the
signals arising from dA residue, as expected by the high molar absorptivity of
this nucleobase at this wavelength (see Fig.5.3) [140]. In particular, the band
at ~ 1335 cm™! is mainly due to the stretching of C5-N7 and N7-C8 bonds
of the purine ring of dA [143]. Moving to 272 nm of excitation wavelength,
it is possible to observe in the corresponding UVRR spectrum of DNA (see
Fig.5.4) a significant enhancement of the vibrational mode centered at about
1655 cm~!. This Raman peak is probably to be assign to a coupled stretching of
C4=0 and C5=C6 bonds of dT [144], consistenlty with the electonic transition
observed for dT at ~265 nm.
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5.2 Conformational stability of DNA in aque-

ous solution

The conformational stability of DNA is strongly influenced by the inter-
action between the backbone of DNA and the surrounding solvent molecules
[146, 147]. In particular, different buffer conditions i.e. pH, type and con-
centration of salts, may affect the thermal stability of DNA [148]. UVRR
spectroscopy has been implemented by different authors for probing at molec-
ular level the changes induced on DNA by the increasing of thermal motion,
by exploiting the selectivity of the technique [149-153]. As example, we report
here the investigation of the thermal stability of DNA in two different buffers,
i.e. i) Phosphate buffered saline (PBS) 10 mM, pH 7.4 and ii) Tris-HCI buffer
(TRIS) 10 mM, pH 7.4. Fig.5.5 shows the temperature-evolution of UVRR
spectra collected for DNA in PBS in the wavenumber range 1270-1760 cm ™.
The profiles have been excited at 250 nm in order to selectively enhance the
vibrational contributions mainly arising from dG nucleobase. This is justi-
fied by the sensitivity shown by several dG Raman peaks that can be used as
molecular markers of the DNA unfolding process.

As first remark, it is possible to note that the band centered at 1612 cm ™!
downshifts to 1602 cm™' upon the increasing of temperature. This vibra-
tional feature is attributable to the scissor vibrations of the NHy group of
dG that is involved in H-bond with the C2=0 moiety of dC. The observed
red shift of the band at 1612 cm™! can be correlated to a reduction of the
Watson-Crick H-bonding strength between G-C base pairs, promoted by the
increasing of thermal motion [153]. The spectra in Fig.5.5 point out a sig-
nificant increase in the intensity of the peak centered at ~ 1485 cm™! as a
function of temperature. This behavior, analogous to the observed UV ab-
sorbance hyperchromism of DNA, has been associated to the DNA thermal
denaturation [151] (the so-called Raman hyperchromic effect) and it reflects
the interdependence between the Raman scattering cross-section and the elec-
tronic absorption intensity. The increment of the resonance of aromatic ring of
nucleotides upon thermal denaturation has been ascribed to two effects: i) the

disruption of vertical base-base stacking interactions and ii) the breakage of
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Figure 5.5: Temperature-evolution of UVRR spectra of DNA in PBS excited at 250 nm.
Inset: Comparison between UVRR spectra of DNA in PBS and TRIS buffers at 345 K, the
two spectra were normalized via the intensity of the OH stretching band of water at 3400

cm~1L.

H-bond between complementary bases in the double strand of DNA [149,154].
The inset of Fig.5.5 shows the comparison between the UVRR spectra of DNA
in PBS and TRIS at 345 K normalized via the intensity of the OH stretching
band of water at 3400 cm~!. Interestingly, at this temperature, the red-shift
of the band at ~ 1612 cm™! and the increment in the intensity of the peak at
~ 1485 cm ™! are further enhanced in the sample of DNA in TRIS compared to
that in PBS. This finding suggests that the melting transition occurs at lower
temperature for DNA in TRIS, as it appears evident by inspection of Fig.5.6.
Here, the temperature dependence of the UVRR intensity for the dG band at
~ 1485 ecm™! is reported for DNA in TRIS and in PBS.

Both the trends exhibit a sharp increasing in correspondence of ~ 343 and
~ 352 K for DNA in TRIS and in PBS, respectively. This characteristic behav-
ior, already observed for similar DNA systems [151-153], has been associated

to the melting transition of DNA that involves the full denaturation of the
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Figure 5.6: Temperature-dependence of the intensity of the vibrational mode at ~ 1485
em~! assigned to v(C8=N7) + v(N9-C8) + §(C8H) of dG for DNA in TRIS and in PBS.

double-stranded structure, in turn related to un-stacking interactions involv-
ing dG residues. The plots in Fig.5.6 suggest that DNA conformation is more
stabilized in PBS than in TRIS buffer solvent.

5.3 Complementarity of UVRR and IR spec-

troscopies for investigation of DNA

UVRR spectroscopy can be implemented for the investigation of DNA also
in combination with Fourier transform infrared (FTIR) spectroscopy, due to
the strong complementarities of these two techniques [155-157]. While UVRR
spectroscopy is particularly sensitive to the vibrational modes arising from
the nucleobases, FTIR spectroscopy can efficiently probe the phosphodiester
back-bond of DNA [156, 158]. Fig.5.7 displays the comparison between the
attenuated total reflectance Infrared (ATR-IR) spectra and the UVRR profile
of salmon DNA in the wavenumber region between 800 and 1800 cm™*.

The FTIR spectrum is dominated by the vibrational features falling be-

tween 900 cm™! and 1300 cm™! that are associated to vibrations of phosphate
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Figure 5.7: Comparison between ATR-FTIR and UVRR spectra of salmon DNA in the

wavenumber region between 800 and 1800 cm™!.

and ribose functional groups of DNA [157]. As evident by the comparison
with UVRR spectrum, these modes are practically not detected by UVRR
spectroscopy. The IR bands assigned to phosphate and ribose moieties are
specifically informative on the folding state of DNA. Conversely, the region
between 1300 to 1600 cm™! shows the presence of the Raman peaks due to
the ring vibrations of nucleobases that are not active in the IR spectrum. As
expected, the intense IR band centred at 1680 cm™! is associated to the C=0
stretching mode of the carbonyl groups in dG, dT and dC.

5.4 Molecular mechanism of interaction be-
tween DNA and hydrated ILs

Although DNA is considered stable in aqueous solution, slow hydrolytic re-
actions such as deamination and depurination may denature the double helical
DNA conformation [159]. For this reason, a growing interest has been devoted

to the development of suitable aqueos solvents to improve the stabilization of
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DNA [148,160]. This could open the possibility to maintain the native DNA
structure for a long period and in critical conditions, such as high temperature
and pressure [161].

ILs have proven to be the preferred solvents to replace the traditional or-
ganic solvents and/or aqueous solutions in many types of reactions [162, 163].
During the last years, the application of ILs to DNA technology has received
particularly attention. For instance, in literature is reported the use of ILs for
the extraction of trace amount of DNA from the aqueos solution [163], for slow-
ing DNA translocation through nanopores [164] and for the DNA storage [165].
All such application are strongly dependent on the interaction at molecular
level between ILs and DNA. A basic understanding of IL-DNA interaction
could drive to a tailored use if ILs in various fields of life science. Several the-
oretical studies investigate the interaction of DNA with pure ILs and/or with
[L-water solutions. Molecular dynamics simulation results suggest that both
the groove binding mechanisms of IL cations and their electrostatic associa-
tion with DNA backbone contribute significantly to DNA stability [166, 167].
However, no experimental findings are present in the literature in support of
this hypothesis. DNA/IL systems are widely investigated by circular dichro-
ism, fluorescence and UV /Vis spectroscopies [165,168-170]. However, these
techniques provide information on the stabilizing or destabilizing effect of ILs
on the DNA natural conformation, but do not give detailed information on
the molecular interactions causing such effects. A comprehensive experimen-
tal picture in terms of molecular interactions involved in DNA/ILs and the
thermodynamics of the interaction is still missing.

In this work, it is explored the thermal stability of DNA in water in presence
of imidazolium-based ILs by synchrotron-based UVRR scattering. This tech-
nique represents a powerful tool for investigating the nature of inter-molecular
interactions established between the IL cations and DNA bases. This is due to
the selectively enhancement, in resonance condition, of the vibrations mainly
localized on nucleotides ring. This allows to minimize the Raman signal asso-
ciated with the phosphate and sugar backbones, as well as those arising from
buffer and solvent [139, 140], thus simplyfing the complex Raman spectra of
DNA. Moreover, the tunability of UV synchrotron radiation source permits

a careful choice of the excitation wavelength in correspondence of the elec-
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tronic transitions of specific nucleobases. Such approach allows to disentangle
in a very efficient way the contributions arising from individual bases in the
spectra of DNA [142]. In particular, the choice of 250 nm as excitation wave-
length gives the opportunity to enhance and isolate the ring in-plane vibration
associated to the guanine residues [145]. This Raman feature is highly sensi-
tive to the un-staking interactions between bases induced by the increment of
thermal motion and it can be used as molecular marker of thermal denatura-
tion of DNA. Circular dicroism (CD) and UV-absorption measurements have
been performed to complement the molecular description obtained by UVRR

spectroscopy results.

5.4.1 Experimental methods
Sample preparation

1-butyl-3-methylimidazolium methylsulfate, [BMIM|MeSO,, was purchased
by IoLiTec with a purity of 99%. Deoxynucleodite (ANTP) set composed by:
2’-deoxyadenosine 5'- triphosphate sodium salt solution (d1ATP), 2’-deoxycytidine
5’- triphosphate disodium salt (dCTP), 2’-Deoxyguanosine 5’- triphosphate
trisodium salt solution (dGTP) and thymidine 5~ triphosphate sodium salt
solution (dTTP) at 100 mM was purchased by Sigma-Aldrich. Each dNTP
was diluted in 10 mM of PBS pH 7.4 in order to reach the final concentration
of 5 mM. DNA sodium salt from salmon testes (2000 base-pairs, CAS num-
ber 438545-06-3) was purchased by Sigma-Aldrich and used without further
purification. The absence of proteins as contaminants [185] was checked by
measuring the absorbance ratio of a DNA solution at 260 and 280 nm that
was found to be equal to 1.9. A DNA stock solution of 1 mg/mL was prepared
by dissolving an appropriate amount of dry DNA in PBS and gently stirring
for 24 h to achieve a limpid solution. A detailed description of DNA /IL sam-
ples preparation for Raman spectroscopy measurements is reported in Tab.5.2.
For CD and UV-vis measurements the sample was diluted 1:8 with respect to

samples used for Raman analysis due to the great absorbance.
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DNA in PBS DNA in PBS & IL
250uL of DNA stock sol. (1mg/mL)+ 250uL of DNA stock sol. (1mg/mL)+
750uL of PBS 740uL of PBS +
10pL of IL

Table 5.2: Description of DNA /IL samples preparation.

Raman spectroscopy measurements

UVRR spectroscopy experiments were carried out by using the setup de-
scripted in detail in Chapter 2. The exciting wavelengths used for collecting
Raman spectra were set at 250 and 266 nm with a spectral resolution of 15 and

5 cm™!

, respectively. For each sample, UVRR spectra were recorded in the
temperature range from 305 to 370 K. In order to compare the DNA spectra
in presence and absence of [BMIM|MeSO, at a given temperature, the exper-
imental profiles were normalized via the intensity of the OH stretching band
of water at 3400 cm™! [144]. In the spectra of DNA dissolved in PBS and
IL, the vibrational contribution of IL was subtracted from the total spectrum,
after appropriate normalization to the intensity of the Raman signals at 1021,
1060 and 1211 em ™" and assigned to the vibrational modes of [BMIM]MeSOy,.
The choice of the intensity of these three peaks as internal standards for the
normalization procedure was justified by the absence of Raman vibrational

features associated with DNA in this spectral region.

Circular dichroism Spectroscopy

Circular dichroism (CD) spectra were recorded using Jasco J-710 polarime-
ter equipped with a thermal bath. All samples were measured from 305 to 368
K in a temperature-controlled quartz cell of 1 mm path-length. Each CD spec-
trum was averaged over 10 scans recorded in the range from 220 to 320 nm, at
a scanning speed of 100 nm/min and Inm of bandwidth. Measurements were
performed under a constant nitrogen flow, which was used to purge the ozone

generated by the light source of the instrument.

UV /Vis Spectroscopy

UV absorption measurements were recorded with a PerkinElmer, model

Lambda 25 UV/Vis spectrometer at double beam equipped with a Peltier
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thermostattable. All samples were measured from 305 to 370 K in a rectangular
quartz cell of 10mm path-length. The spectra were recorded in the range from

190 to 600 nm at a scanning speed of 120 nm/min and 1 nm of bandwidth.

5.4.2 Results and discussion

@250 nm @266 nm’
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Figure 5.8: UVRR spectra of deoxynucleotides ANTP and salmon DNA excited at (a) 250
nm and (b) 266 nm. The profiles obtained as linear combination of the individual experi-
mental spectra of ANTP are reported in the same graphs for comparison with experimental
spectra of DNA.

In Fig.5.8 is shown the UVRR spectra of deoxynucleotides ANTP and DNA
excited at 250 and 266 nm. The profile of ANTP were arbitrarily normalized on
the total intensity of the spectra. The comparison between the experimental
profile of DNA and different nucleotides allows to attribute very in detail the
main vibrational features in the spectra of DNA to single ANTP at the two
selected exciting wavelenghts. In the same graphs of Fig.5.8 (a) and (b) are re-
ported also the profiles obtained as the weighted sum of normalized spectra of
dNTP (41.2% G-C + 58.8% A-T). The good accordance found between the ex-
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perimental UVRR spectra of DNA and the weighted sum of ANTP confirms the
reliability of the normalization procedure. The slight differences between the
two curves can be probably attributed to the different conformation assumed
by sugar-phosphate skeleton in DNA strand with respect to pure dNTP and
to the stacking interactions among bases in the duplex helix structure [171],
Fig.5.8(a) shows that in the UVRR spectrum of DNA excited at 250 nm
the band at ~ 1335 cm ™! (labeled as band I-dA) contains contributions arising
both from dG and dA. Conversely, in the spectrum excited at 266 nm (Fig.5.8

lis mainly attributable to vibra-

2(b)) the same spectral feature at ~ 1335 ecm™
tion mode localized on dA residue, namely the coupled stretching vibrations
N7=C8 and C5-N7 [144] as reported in Tab.5.1. Looking at the peak centered
at ~ 1485 em™! in Fig.5.8 and labeled as band II-dG, it is noteworthy that
for this band the contribution arising from dA and dG are comparable in the
UVRR profile of DNA excited at 266 nm. On the contrary, the excitation
wavelength at 250 nm emphasizes the contribution of dG residue to the vibra-
tional peak centered at ~ 1485 em ™!, and due to a combination of the bending
motion of C8-H and the stretching movement of C8=N7 and N9-C8. The mode
has been assigned to a combination of bending motion of C8-H and stretching
movement of C8=N7 and N9-C8 [144] (see Tab.5.1). This can be explained
with the proximity of the excitation energy to the 255-nm transition of dG
that largely involves the N7=C8 double bond of the imidazole ring [141]. The
choice of 250 nm as excitation wavelength gives the opportunity to be more
sensitive for the band at ~ 1485 cm ™' to the dG contribution with respect to
dA one.

Fig.5.9 shows the temperature-evolution of Raman profiles collected for
DNA and DNA+[BMIM]MeSOy in the wavenumber range 1300-1800 cm ™! at
250 and 266 nm as excitation wavelengths. In order to extract quantitative
information on the temperature behaviour of the two selected vibrational bands
I-dA and II-dG, a spectral decomposition of the experimental UVRR profiles
has been implemented. An example of best-fitting procedure for the spectra
collected at 305 K is reported in Fig.5.9 for the wavenumber range of interest.

Fig.5.10 (a) and (b) show the temperature-dependence of the UVRR inten-
sity for the bands II-dG and I-dA, respectively. As concerning the first band

(Fig.5.10(a)), the trend exhibits a sharp increasing in the correspondence to
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Figure 5.9: Temperature-evolution of UVRR spectra of DNA in the absence (bottom) and
the presence (top) of [BMIM]MeSO, excited at (a) 250 nm and (b) 266 nm from 305 to
370 K. The brown lines represent the UVRR spectra of IL. Representative partial fitting
procedures are required on the bottom.

about 355 K. As explained in the previous section, such characteristic be-
haviour has been associated to the melting transition of DNA that involves
the full denaturation of the double-stranded structure. Therefore, the plot
in Fig.5.10(a) suggests that the band II-dG is mainly sensitive to the stack-
ing interactions involving dG residues. In particular, the finding of a sharp
transition near the melting temperature of DNA is consistent with the coop-
erative character of the unstaking of guanines, promoted by the increasing of
thermal motions, that mainly contributes to the temperature-dependence of
band II-dG. Interestingly, the inspection of Fig.5.10 (b) points out a smoother
increasing as a function of temperature for the intensity of band I-dA. This
suggests that this mode detects also pre-melting processes in which the double-
stranded structure of DNA is perturbed but not completely disrupted as occurs
during the thermal denaturation. Since the band I-dA is mainly localized on
C5-N7=C8 bond of adenine where N7 atom is able to form H-bond with the

solvent molecules [149], it is reasonably to suppose that the intensity of this
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Figure 5.10: Temperature-dependence of the intensity of the vibrational modes assigned to
(a) v(C8=NT7) 4+ v(N9-C8) + ¢(C8H) of guanine at 250 nm and (b) v(C8=NT7) + v(C5-N7) of
adenine at 266 nm for DNA in absence (full rhombs) and presence of [BMIM]MeSO,4(empty

circles).

vibration is sensitive to localized non-cooperative processes that occur before
the DNA melting. At variance with DNA melting, pre-melting transitions
reflect temperature-dependent conformational changes of small regions of the
DNA molecule. dA vibrational modes can sample these changes quite effec-
tively, as A-T base-pair opening occurs much more frequently than in the case
of C-G base-pair [177]. In fact, this is also consistent with theoretical calcula-
tions [178] that find an average value for H-bond lifetime on N7 site of dA that
is shorter with respect to the H-bond involving N7 of dG. This result can ex-
plain the major sensitivity exhibited by the band I-dA (Fig.5.10 (b)) to molec-
ular rearrangements of DNA structure occurring in the pre-melting region and
associated with adenine-water H-bond breaking. All the findings corroborate
the potentiality of synchrotron-based UVRR technique to provide molecular
insights on the different cooperative and non-cooperative processes, involv-
ing dA and dG residues, that compete to lead to the complex phenomenon of
thermal denaturation of DNA. Quite interestingly Fig.fg:4:draftBR (a) and (b)
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shows that in the spectra of DNA+[BMIM]MeSOy the intensity of band I1I-dG
and, to a less extent I-dA, are smaller than those measured in pure DNA. The
effect persists over the entire temperature range that we have explored. This
hypochromic effect suggests that the addition of [BMIM]MeSO, tends to fa-
vor the formation of a more compact structure in DNA double-stranded [145].
Moreover, the persistence of hypochromicity also after the unfolding of DNA,
as particularly evident for band II-dG (Fig.5.10 (a)), gives indication that
the base-stacking of guanines is quite effective for DNA in the presence of
[BMIM]MeSOy4. More interestingly, the promotion by IL of hypochromic with
respect to hyperchromic effect confirms that [BMIM]MeSO, tends to interact
with DNA nucleotides through groove binding and not trough intercalation

mechanism [145].
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Figure 5.11: Trend of the absorption at 260 nm in absence (grey) and presence of
[BMIM]MeSO,4 (red) as a function of the temperature. Inset: Comparison between UV-
VIS absorption spectra of DNA and DNA+[BMIM]MeSO,4 recovered at 305 K.

In order to complete the UVRR data, UV absorption measurements on

solution of DNA pure and in the presence of [BMIM]MeSO,4 have been per-
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formed. Fig.5.11 shows the temperature evolution of the maximum of the
intensity of absorption curve at ~ 260 nm for DNA with and without the ad-
dition of IL. Since the absorption profile of pure [BMIM]MeSO, in practically
negligible up to ~ 240 nm, the data reported in Fig.5.11 take account only of
the contribution arising from DNA. As first remark, a sharp transition in the
absorption intensity can be detected in correspondence of 355-360 K for both
the set of data, in the presence and absence of IL. This rapid increase of the
UV absorption is a marker of the occurring of DNA melting, in agreement with
what reported in literature [150] . The coincidence between the melting tem-
perature detected by UVRR and UV absorption techniques further confirms

the interpretation of Raman spectrocopic data discussed above.
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Figure 5.12: (a) Comparison between CD spectra of DNA in absence (grey) and presence
of [BMIM]|MeSOy, (red) recovered at 305K. Temperature-dependence of ellipticity (b) at
274 nm and (c) at 245 nm for DNA in presence and absence of IL. Inset: Representative
temperature-evolution of CD spectra of DNA in absence of IL.

By using CD technique, we can probe the temperature-dependent changes
of geometry for DNA pure and in the presence of [BMIM|MeSO, trough the
analysis of spectral modifications of CD spectra [179]. Fig.5.12 (a) shows a
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comparison between the CD spectra of DNA in absence and presence of IL col-
lected at 305 K. Since [BMIM]MeSOy is achiral molecule, it does not exhibit
any interfering CD band in the spectra of DNA+IL. As shown in Fig.5.12(a),
the CD signal of pure DNA exhibits the classical features of double-stranded
B-form DNA consisting of a positive band § around 274 nm and a negative
peak o at 245 nm with a crossover at the absorption maximum. The positive
feature is due to 77 base stacking while the negative band corresponds to the
polynucleotide helicity. The comparison between the two curves in Fig.5.12
(a) evidences that the CD spectra of DNA in presence and in absence of IL
have a similar shape, thus suggesting that the native B-conformation of DNA
is preserved also after the addition of [BMIM]MeSO,4. On the other hand, the
presence of [BMIM]MeSO, induces a slight decrease in the positive band at
about 274 nm of DNA that is consisten with an alteration in the base pack-
ing, probably due to the hydrophobic interaction between the hydrocarbon
chains[BMIM]* and the bases of DNA [169]. It is also to noteworthy a sig-
nificant decrease in the molar ellipticity that change from -6.3 to -8.3 where
the IL is added to DNA. Such behavior reflects the distortion in the helical
structure of B-DNA and could be related to a transition from an extended dou-
ble helix to a more compact form, known as ¥ structure, which is due to the
electrostatic interaction between the cationic groups of IL and the phosphate
groups of DNA. The absence in the CD spectra of DNA-+[BMIM|MeSO, of the
typical signals associated to intercalation phenomena (magnitude of positive
and negative bands) confirms the UVRR spectroscopy results indicating that
IL does not act as an intercalator in DNA structure [180]. On the basis of the
results reported in Fig.5.12 (a), we can speculate that [BMIM]MeSO,4 binds to
DNA bases through groove binding and hydrophobic interactions, as found for
the cases of [BMIM]CI [166] and [BBIM]Br [167], while [BMIM]|PF¢ [181] and
guanidinium-IL [182] are able to intercalate with the bases of duplex DNA. The
influence of temperature on CD spectra of pure DNA can be observed in the
Inset of (a). In correspondence of the temperature of 360K, the CD spectrum
clearly exhibits the characteristic shape associated to denatured DNA [183]. A
decreasing in magnitudes of both the positive and negative bands is found in
the CD spectra of pure DNA as the temperature increases. This is consistent

with the occurrence of unstacking on the bases that leads to a general weaken-
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DNA in Tris DNA in [BMIM]|CI
DNA/IL 1/0 (w/w) 1/22 (w/w) 1/44(w/w) 1/87(w/w)
Preparation 250uL of DNA stock sol. 250uL of DNA stock sol. 250uL of DNA stock sol. 250uL of DNA stock sol.
750ul of Tris 745ul of Tris 740pl of Tris 730l of Tris
5uL of [BMIM]CI 10uL of [BMIM]CI 20upL of [BMIM]CI

Table 5.3: Description of DNA /IL samples preparation.

ing of the interaction between neighboring bases and a decrease in helicity of
DNA. This finding further confirms the interpretation of UVRR data discussed
above. The dependence on temperature of the 3 intensity for DNA in pres-
ence and absence of IL is illustrated in (b). At lower temperatures (305-350K),
the ellipticity increases and this behavior suggests that B—C conformational
changes of DNA take place in the premelting region [183]. For temperature
values >350K, we observed an opposite trend in the ellipticity, probably due
to the beginning of denaturation process. Fig.5.12 (c¢) shows the temperature
evolution of a band. As mentioned above, modifications occurring in ellipticity
in such wavelength region can be associated to changes in helicity, which are
characteristic for the right-handed B form of DNA. The sigmoidal shape of (c)
strictly resembles that obtained for the UV-Vis absorbance (see Fig.5.11).

5.4.3 Effect of IL concentration

With the aim to better characterize the groove binding mechanism of ILs
with DNA, the thermal stability of DNA dissolved in [BMIM]Cl/water solu-
tions has been investigated as a function of concentration of IL [184]. The
choice to use as co-solvent of the ionic liquid [BMIM]CI a TRIS buffer rather
then PBS, is due to the purpuse to reduce the type of anion species present in
solution. A detailed description of DNA/IL samples preparation is reported
in Tab.5.3.

Fig.5.13 displays the variation in intensity undergone by band II-dG as a
function of the increasing concentration of [BMIM]CI at three representative
temperature. In order to extract more quantitative parameters that account
the effect of IL concentration on the intensity of band II-dG, a decomposi-
tion procedure of the spectra has been performed. An example of best-fitting
procedure for the spectrum of DNA/IL = 1/87 (w/w) collected at 310 K is

reported in Fig.5.13 for the wavenumber range of interest.
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Figure 5.13: Comparison between the 250 nm-excited Raman spectra of DNA/IL as func-
tion of concentration of [BMIM]Cl at T=310 K (a), 345 (b) and 370 K (c), in the wavenumber
range 1450-1700 cm~'. Representative fitting procedure is reported.

Fig.5.14 shows the temperature-dependence of the UVRR intensity of the
band II-dG for pristine DNA and at different percentages of [BMIM]CL. As
common feature to all the trends, it can be observed a sharp upturn for the in-
tensity of the band II-dG in correspondence of ~ 340-350 K, highlighting differ-
ent melting temperatures for the proposed samples. By inspection of Fig.5.14,
it is possible to observe that the intensities of band II-dG for the spectra of
DNA in presence of IL are less intense with respect to those measured in pure
DNA over the whole investigated temperature range. This hypochromic effect
suggests that the addition of [BMIM]CI tends to favor the formation of a more
compact structure in DNA double-stranded [145]. Moreover, the persistence of
hypochromicity also after the unfolding of DNA gives indication that the base-
stacking of guanines is quite effective for DNA in the presence of [BMIM]CL
The plots in Fig.5.14 point out also a slight increment of the melting temper-
ature observed for DNA as a consequence of the progressive addition of IL. In
order to extract quantitative information, the intensity I(7") of the band II-dG
can be properly described by a two state model [172] following the Eq:
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Figure 5.14: Temperature-dependence of the Raman intensity of the band II-dG for
DNA/IL (w/w) = 1/0 (blue circles), 1/22 (green triangles), 1/44 (orange hexagons), 1/87
(red rhombs). Continuous lines are fitting of the experimental data by using Eq.5.1, see
details in the text.

. IN+mnT+(ID+mDT)KT
N 1+ Kr

where K7 signifies the equilibrium constant between native and denaturated

I(T) (5.1)

states, Iy and Ip represent the intensities corresponding to the native and
denaturated state of DNA, respectively. In the equation above, the parameters
mpy and mp describe the linear temperature-dependence of the band intensity
in the pre and post-melting regions, respectively. Finally, the equilibrium

constants in the native and denaturated states can be expressed as:

Ky |22 (L) o

where R is the gas constant and AH,, and T,, are the enthalpy variation
and the temperature associated to the melting process. As visible in Fig.5.14,
the temperature-dependence of the band II-dG is satisfactorily reproduced by
using Eq.5.1. The fitting procedure of plots in Fig.5.14 provides the estimation
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DNA /IL T,, (K) AH,, (kJ/mol)
1/0 w/w 341.6 + 0.5 3025.1 + 736.4
1/22 w/w 342.5 + 0.5 4640.1 + 288.7
1/44 w/w 344.8 + 0.5 4380.6 + 849.3
1/87 w/w 3473+ 05 5096.2 & 673.6

Table 5.4: Thermodynamic parameters extracted by fitting the experimental data of
Fig.5.14 with Eq.5.1 (see text for details) .

of the parameters AH,, and T}, , as summarized in Tab.5.4.

The values reported in Tab.5.4 confirm the slight increment of the melting
temperature induced by the increasing concentration of [BMIM]CI, as already
discussed above. This may be consistent with the results of theoretical inves-
tigations [166,167] suggesting that the cations of IL tend to majorly interact
with the DNA backbone when the negative charges of phosphate groups are
localized. This implies that the cations are able to stabilize the DNA struc-
ture by reducing charge repulsion between the phosphate groups on each of
the DNA strands [173]. This stabilization effect is probably accompanied by
the establishment of H-bond interactions between the CH groups of IL [166]
and the acceptor/donor sites present on the major and minor grooves of DNA.
Overall these effects result in an enhancement of the stability of DNA native
conformation also at higher temperature, promoted by the presence of IL. The
presence of IL induces an increase of AH,, value with respect to the case of
DNA/IL = 1/0 (w/w). This result is in analogue with other investigation on
melting parameter of DNA with divalent metal cations [173].

Beside the intensity change, Fig.5.14 points out also a slight red-shift for
the band II-dG upon the increasing of thermal motion. Fig.5.15 reports the
wavenumber positions of band II-dG found for pristine DNA and DNA-+IL.
Due to the normal composition of band II-dG, the frequency of this Raman
peak is sensitive to the interactions between the solvent molecules and the N7
site of guanine that can act as acceptor of H-bond [174,175] . The shift of
the band II-dG to lower frequency with the thermal denaturation has been
attributed to a reinforcement of H- bond formed by guanine with the solvent

[149]. This phenomenon can be can be attributed to a major exposure of N7
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Figure 5.15: Temperature dependence of wavenumber position for the band II-dG for
pristine DNA and DNA+IL DNA/IL (w/w) = 1/0 (blue circles), 1/22 (green triangles),
1/44 (orange hexagons), 1/87 (red rhombs).

site in denaturated DNA to solvent molecules. By the inspection of Fig.5.15,
we note that before the DNA thermal denaturation the presence of IL induces a
slight blue-shift in the position of band I1-dG with respect to the case of pristine
DNA. This result can be likewise explained by considering two effects: i) the
formation of H-bond interaction on N7 atom with CH groups of [BMIM]CI [166]
and ii) the reduction of H-bond interaction between buffer solvent molecules
and N7 site due to the presence of cations of IL [176] . Since it is well-known
the capacity of cations of IL to penetrate the “cone of hydration” of water
molecules around the charged phosphate groups of DNA [167] , the diffusion
of water across the nucleobases in DNA is hampered by the presence of IL. This
is consistent with the slight blue-shift of band II-dG observed in the samples
of DNA+IL with respect to pure DNA before the melting temperature. The
disappearing of this effect at high temperatures (see Fig.5.15) is probably due

to the alteration of DNA structure caused by the melting process.
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5.4.4 Effect of alkyl-chain length
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Figure 5.16: Temperature-dependence of the Raman intensity of the band II-dG for
DNA/IL (w/w) = 1/0 (blue circles) and DNA in presence of [BMIM]CI (green triangles)
and [EMIM]CI (pink triangles) at DNA/IL (w/w)=1/22. Continuous lines are fitting of the

experimental data by using Eq.5.1.

Preliminary investigations have been conducted to identify the role played
by alkyl-chain length of cation core on the thermal stability of DNA. Fig.5.16
dislays the temperature-dependence of the UVRR intensity of the band II-dG
for pristine DNA and in presence of [BMIM]CI and [EMIM]CI at the same w/w.
A slight increment of the melting temperature is observed for DNA in presence
of the shorter alkyl-chain lenght. Also the hypochromic effect, already observed
in presence of 1L, is emphasized by 1-ethyl-3-methylimidazolium based-IL. Re-
cent experimental and simulation results indicate that the lengthening of the
alkyl chain induce a charge delocalization in the cation [188-191]. For our sys-
tems, such charge delocalization leads to a weaking of electrostatic interaction
between DNA backbones — [BMIM]* with respect to the case of [EMIM]™.

In summary, the choice of 250 nm as excitation wavelength gives the pos-

sibility to selectively enhance the vibrational signals associated to aromatic
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ring of guanine residues, then simplifying the complex off-resonance Raman
spectra of DNA. The experimental data suggest that the thermal stability of
DNA in IL is related at molecular level by two mechanisms: i) the unstacking
of guanine bases and ii) the intermolecular interactions involving the N7 site
of guanine. As main result, the thermal stability of DNA is found to increase
as function of concentration of [BMIM]|CI in the investigated DNA/IL ratio

range and decrease as function of alkyl-chain length.



Chapter 6

Hydrophobic/hydrophilic effects
in the dynamics of hydration
water as probed of UV Raman

scattering

In this chapter we report some results of complementary studies aimed to
test the capability of UVRR spectroscopy to investigate the hydrogen-bond dy-
namics of hydration water in different environments. For this reason, we have
considered two paradigmatic systems, i.e i) cyclodextrins that are hydrophilic
sugare solutes that can be fully hydrated by water and ii) polysaccharide hy-
drogels that can retain large amount of water inside their network structure.
The investigation of these systems has provided usefull suggestions for the
development and implementation of SR-UVRR spectroscopy experiments per-
formed on IL/water solutions and on the analysis of the solvation effects of

these solvents on biological molecules.

89
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6.1 Water structure in aqueous solutions of

native and modified cyclodextrins

Hydration water plays an important role as driving mechanism of a wide
variety of physical and biological processes in soft matter. A large variety
of solutes, including sugars, amino acids, methylamines, and lyotropic salts,
strongly influence the stability, dynamics and function of matter, such as pro-
tein folding mechanism and membrane stability. On the other hand, the influ-
ence of solute on water structure has been related to rearrangement of water
molecules and there is particularly interest in understanding how different hy-
drated molecules perturb water dynamics [192]. Carbohydrates represent one
of the most interesting type of sugars because of their capability to form H-
bond. Their structure is formed by hydrophobic and hydrophilic groups also
present in nucleic acids and proteins, so they are used as very simple model
to investigate water properties surrounding biological macromolecules. The
high concentration of hydroxyl groups allows to study the effects induced by a
hydrophilic interface on the water behaviour [193,194]. Moreover, the homo-
geneous distribution of OH groups in small sugars leads to the formation of
HB solute-water comparable to HB between pure water molecules. Previous
works demonstrate that sugars cause slight variations on the organization of
HB network of bulk water [195,196]. These results have stimulated a renewed
interest in dynamics of water—sugar systems, as function of solute concentra-
tion. Walrafen [197] observed that sucrose in concentrated solutions exhibits
a "structure marke” effect (solute inducing a change similar to a decrease of
temperature). Conversely Neal and Goring noted for low sucrose concentration
a "structure-breaker’ effect (behaviour similar to an increase in temperature).
Cyclodextrins (CDs) can be used as a model system to achieve a compre-
hensive view of the mechanism which drive the solvation dynamics in macro-
molecules, as suggested by different authors [198,199]. They are natural cyclic
oligosaccharides consisting of 6 (a-CD), 7 (5-CD), or 9 (y-CD) glucopyra-nose
units [200]. In water, CDs assume the characteristic shape of a truncated cone
with a central cavity formed by the annular structure. Hydroxyl groups are

located on the edge of both rims of the conical structure, giving a hydrophilic
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character to the outer surface of the molecule and making CD soluble in wa-
ter. The inside of the cavity, on the contrary, has a hydrophobic character,
as it is formed by the skeletal carbons and ether-like oxygens of the glucose
residues. Thanks to this structure, CD in water behaves as a molecular host
able to form inclusion complexes with a large variety of poorly water-soluble
guest compounds [201], significantly modifying and/or improving the physico-
chemical and biological properties of the encapsulated guest molecule. CDs
find application in all the fields of industry [202], especially in the cosmetic,
environmental science, food [203], and pharmaceutical sectors [204,205]. De-
spite of a large number of studies devoted to explain the ability of CDs to
form inclusion complexes, a detailed description of the complexation mech-
anism still needs to be achieved [202]. A general agreement is present in
literature on the key role played by water in this process [201, 206, 207], yet
a molecular level description of the interactions between the macrocycle and
water remains incomplete [208]. A strong limitation in the use of §-CD is
due to its low solubility in water compared with that of other native a-and
~v-CDs, and many studies suggest the existence of correlations between this
anomalous behavior and how these compounds affect the molecular organiza-
tion of surrounding water molecules [209-214]. In particular, some molecular
dynamics simulations point out a relatively larger increase of the local struc-
ture (i.e., higher density) and a corresponding slower mobility of water around
B-CD [209,210,212-214,223]. A destructuring effect on the tetrahedral order of
hydration water has also been evidenced, especially for those water molecules
localized inside the hydrophobic cavity [211]. Tt is expected that the substi-
tution of primary and secondary hydroxyls groups in the ring of native CDs
with other desired functionalities [215] will affect their H-bonding capability,
leading to modified CDs with increased solubility. The growing interest in the
investigation of the molecular properties of chemically modified CDs in aque-
ous media lies in the wide commercial importance of some derivatives, such as
hydroxypropyl-3-cyclodextrin (HP-8-CD) and sulfobutyl ether-S-cyclodextrin
(SBE-S-CD), used in industrial applications, particularly in drug formulation,
cosmetics, and toiletry industries. Besides a significant improvement in wa-
ter solubility, several types of chemically modified -CDs also exhibit a lower

nephrotoxicity, thus allowing to overcome some restrictions on their pharma-
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ceutical use [216]. Recent molecular dynamics simulations suggest that substi-
tution in CDs of hydroxyl groups with hydroxylpropyl ones causes significant
disruption of the water structure depending on both the number and type
of substituted OH groups [217]. Dielectric relaxation measurements indicate
an increase of the number of water molecules in the CD hydration shell (i.e.,
the average hydration number per glucopyranose ring) with the extent of sub-
stitution [218]. Recently, some of us have used depolarized light-scattering
experiments to study the structural and dynamical properties of CD water so-
lutions in the 50-150 mg/ml concentration range [219,220]. The effect of CDs
on the H-bond water structure has been investigated by analyzing the behav-
ior of intermolecular modes of water, detected in the low-frequency Raman
spectrum and sensitive to the local order of solvent molecules in the hydration
shell. The data show a partial loss of tetrahedral order compared with bulk
water, by increasing both temperature and CD concentration [220]. Concern-
ing the dynamical properties, the analysis of frequency extended depolarized
spectra has allowed to distinguish the relaxation process at the picosecond
timescale associated to the rearrangement of the H-bond network of water in
the CD hydration shell, which is found to be 7 to 8 times slower than the
relaxation process of bulk water [219]. All these experimental findings are
consistent with the results of molecular dynamics simulations on CD aqueous
solutions reported in literature [221-224]. Very recently, strong effort has been
employed in UV Raman and Fourie-transform infrared spectroscopies attenu-
ated total reflection spectroscopy to provide an explanation at the molecular
level of the improved performance as carrier agent of the popular modified
cyclodextrin SBE-3-CD [225]. The analysis of the OH stretching region in
the high-frequency Raman and IR spectra of aqueous solutions shows that
the tetrahedral order of water is partially lost in the hydration shell of the
macrocycle. Venuti et al. [225] also demonstrate that OH stretching signal
can provide direct information on the structural changes induced by CDs on
H-bond network of water, as already observed by other authors in sugar-water
solutions [73,226,227]. Starting from these results, in the present work, we
aim to extend our previous structural and dynamical investigations [219,225],
by performing a comparative study of the hydration properties of native and

chemically modified CDs by using UV Raman spectroscopy experiments [74].
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6.1.1 Experimental methods

Sample preparation
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Figure 6.1: Schematic structure of glucose, native cyclodextrin (CD), and substituted chain

of modified cyclodextrin.

a-CD, HP-3-CD, methyl-S-cyclodextrin (Met-8-CD), and glucose were
purchased from Sigma-Aldrich and SBE-3-CD from CyDex Pharmaceutical.
The chemical structures of glucose, native, and modified CDs are reported
in Fig.6.1. All chemicals were used without any further purification. Aque-
ous solutions were prepared by dissolving the sugars in the right amount of
double-distilled and deionized water to obtain the desired sugar concentration
(hereinafter expressed in mg/ml, i.e., mg of solute per ml of water). All samples
were freshly prepared into UV-grade quartz cells and daily used in UV Raman
spectroscopy experiments. Tab.6.1 summarizes the main characteristics of the
different types of CD used in this study. For the chemically modified forms of
CD (HP-B-CD, Met-g-CD, and SBE-3-CD), the degree of substitution, that
is, the average number per S-CD molecule of hydroxyl groups replaced by
the substituent group R, is indicated. All the investigated samples have been
prepared below the saturation threshold (see values reported in Tab.6.1) by

checking that the solutions were limpid.

UV Raman spectroscopy measurements

UVRR spectroscopy experiments were carried out using the setup de-
scripted in detail in Chapter 2. The Raman spectra were collected at 266nm.

The use of UV wavelengths for exciting the Raman spectra strongly reduces
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CD My R Substition degree Solubility (g/1)
per $-CD molecule in water (25° C)
Glucose  180.16 // // 909
a-CD  972.84 // // 145
SBE-3-CD 2163 (CH2)4S03Na 6.6 >1000
Met-5-CD 1310 CH; 11.2-12.6 >500
HP-8-CD 1375  CH,CHOHCH; 4.2 >600

Table 6.1: Molecular weight (My), type of substituent chemical group (R), degree of
substitution per S-CD molecule, and solubility in water; // = it is used to indicate missing

value.

the interfering fluorescence background typically affecting the visible Raman
spectra of CD-water solutions. The samples were investigated at different

temperatures, in the range from 280 to 370 K.

6.1.2 Results and Discussion
Concentration effects on the H-bond network of water

Fig.6.2a shows the Raman spectra collected at room temperature in the
wavenumber range 2600-4200 cm ™! for aqueous solutions of SBE-3-CD at dif-
ferent concentrations, together with the spectrum of pure water, acquired in
the same experimental conditions. To investigate the supramolecular organi-
zation of water, the attention is focused on the OH stretching band (3000-3800
cm~!), which represents a good probe of the intermolecular structure of the H-
bond network. The Raman profile of pure water clearly shows the presence of
three distinct features at w; ~ 3200; wy ~ 3450; and w; ~ 3600 cm~!. The first
component is representative of the so-called “connective water” in which the
OH oscillators are phase correlated with oscillators of nearest molecules. This
vibration is originated by “ice-like” tetrahedral water arrangements [228,229].
The intermediate contribution is assigned to “closed” water structures, where
H-bonds are partially distorted and the phase correlation to vibrations of near-
est OH groups is lost [230,231]. The higher wavenumber shoulder is associated
to OH groups weakly stabilized by H-bond interactions. These groups can be

considered as transient species formed during the H-bond reorganization of the
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Figure 6.2: Concentration dependence of polarized Raman intensity Iy for pure water
(light blue line) and (a) sulfobutylether-3-cyclodextrin, (b) a-CD, and (c¢) glucose aqueous
solutions at 298 K in the spectral range 2600-4200 cm~'. The spectra are normalized to their
maximum intensity. The arrows indicate increasing solute concentration. (d) Comparison
between spectra of pure water and aqueous solutions of a-CD (145 mg/ml) and glucose (133

mg/ml).

network [232]. Fig.6.2a indicates that the increase of SBE-5-CD concentration
causes a progressive decrease of the component at 3200 cm ™!, suggesting that
solute leads to a reduction of the population of ordered tetrahedral structures,
even at low concentration (“destructuring effect”). In contrast, the band pro-
files obtained for aqueous solutions of a-CD (Fig.6.2b) and glucose (Fig.6.2c)
retrace very well the OH stretching band of pure water, indicating that in
these cases, the distribution of water structures is not significantly perturbed
upon addition of solute. In Fig.6.2d a comparison is shown between the spec-
tra of a-CD and glucose solutions at similar concentrations. Only a minor
reduction of the ice-like component can be observed in the case of glucose,
in line with previous results [73], whereas the OH profile almost exactly co-
incides with that of pure water for the a-CD solution. This suggests that
the effect induced on the water environment by «a-CD is essentially related
to the solvent-exposed hydrophilic surface, in which the distribution of OH
groups is comparable to that of its monomeric constituent. To gain quantita-

tive information on the H-bond molecular organization, a fit procedure based
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on the use of three components has been carried out to reproduce the OH
stretching band [233-235]. One mixed 50% Gaussian-50% Lorentzian and two
Gaussian profiles have been used, respectively, for the lower wavenumber com-
ponent (associated to tetrahedrally coordinated water molecules) and the two
higher wavenumber components (associated to molecules involved in distorted
H-bonds and to free OH oscillators). The width of the three components has
been constrained to that obtained for pure water. An example of the fitting-
curve results is shown in Fig.6.3 for SBE-S-CD (Fig.6.3a) and o-CD (Fig.6.3b)
solutions. The CH-stretching band at around 2800 cm™! is reproduced with
three components for the SBE-3-CD solutions and with two components for
the a-CD solutions. In both cases, the ratio between the intensity of the
CH- and OH-stretching bands is found to be proportional to the solute con-
centration (inset of Fig.6.3a), supporting the idea that the OH contribution
of solute molecules is negligible, in line with previous investigations on sugar
solutions [73,225-227]. In order to provide a quantitative description of the
behavior of the different systems investigated, the following quantity has been

defined: Ly (eT)
Cle,T) = _AwilC&E)
( ) [OHtot(C7T)

where [,; is the area of the OH-stretching component at lower wavenumber

(6.1)

and lope is the total area of the OH-stretching band. This quantity gives an
estimate of the relative amount of OH groups involved in ordered tetrahedral
structures; therefore, it can be used as a quantitative indicator of the structur-
ing/destructuring effect on water induced by the solute. Fig.6.4 shows the con-
centration dependence at room temperature of C' obtained for glucose, a-CD,
SBE-5-CD, HP-3-CD, and Met-3-CD aqueous solutions, compared with that
of pure water. In the figure, it is clearly seen a linear decrease of C' with con-
centration of SBE-5-CD solutions, pointing out a progressive destructuring of
the ice-like component of water induced by this substituted form of CD. These
results are in qualitative agreement with those previously obtained [225], in a
smaller concentration range, using the alternative Green, Lacey, and Sheats
stripping procedure. This agreement validates the current method that, differ-
ently from the previous one, does not involve depolarized spectra, allowing for

an easier and yet safe comparison among different systems. In the case of un-



CHAPTER 6. HYDROPHOBIC/HYDROPHILIC EFFECTS

97

= 1
© SBE-p-CD/water 2] o exp. data
vib. modes SBE-3-CD & Linear Fit
e
<
-“D
a
2
72 3
c E 100 200 300{ 400 500
..q_'.) Concentration{/ mg mI”!
_— T ¥ T s T 2 !
% o a-CD/water
e vib. mode «-CD
IWz
I
| | | || "-___|—'_
2700 3000 3300 3600 3900

Wavenumber/cm’’

Figure 6.3: Results of the fitting procedure for (a) SBE-S-CD and (b) a-CD aqueous
solutions at the same temperature (298 K) and solute concentration (~145 mg/ml). The
total fit-curve and the single components assigned to CH stretching modes are indicated
with lines, the OH stretching components of water are represented with shaded areas. Inset:
ratio between the total area of the CH vibrational modes of SBE-8-CD and the total area

of the OH stretching band, as a function of solute concentration.

substituted a-CD, C' assumes values comparable to that of water, without any
significant concentration dependence within experimental errors. The absence
of destructuring effect persists up to relatively high concentrations, similarly
to glucose, where only minor effects on the tetrahedral ordering of water are
observed. Indeed, the solvent-exposed area of a-CD is characterized by a dis-
tribution of OH groups that, as in the case of glucose, induce the formation
of H-bonds with water molecules similar to those formed in the solvent, lead-
ing to minor changes in their spectral distribution [211,236]. Therefore, the
destructuring effect of SBE-3-CD can be ascribed to the presence of the SBE
substituent. Concerning the other chemically modified CDs, Fig.6.4 shows that
HP-3-CD induces modifications of the tetrahedral water arrangement that are

comparable to SBE-3-CD, whereas a remarkably stronger destructuring ef-
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Figure 6.4: Concentration dependence of the quantity C(c,T) given by Eq.6.1, for pure
water (blue circles), a-cyclodextrin (CD; green rhombs), glucose (yellow circles), sulfobutyl
ether-f-cyclodextrin (SBE-S-CD; magenta exagons), hydroxypropyl-3- cyclodextrin (HP-3-
CD; red triangle), and Met-8-CD (pink pentagon) aqueous solutions at temperature T=298
K.

fect is produced by Met-3-CD at the same concentration. Because HP-5-CD
has almost the same substitution degree as SBE-3-CD, whereas it is about
twice for Met-3-CD, changes of water ordering seem to be mainly related to
the number of substituent groups rather than to their chemical nature. It is
likely that a partial replacement of OH groups in the glucose units is going
to impose a new local organization, which prevents the formation of a bulk-
like arrangement of water within the hydration shell, typical of carbohydrates.
This effect is probably related to an increased fraction of hydrophobic groups
in the substituted CDs, as emerges by considering the case of Met-3-CD.

Thermally-induced effects on the H-bond network of water

Fig.6.5 shows the temperature evolution in the range 280-370 K of the
Raman spectra of aqueous solutions of SBE-3-CD and a-CD prepared at a
similar concentration (=150 mg/ml). The spectra qualitatively show the same
temperature dependence of the OH-stretching signal as observed in pure water
(inset of Fig.6.5). For both pure water and aqueous solutions, the increase of

temperature leads to a rapid decrease in intensity of the lower wavenumber
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Figure 6.5: Temperature evolution of the Raman spectra for (a) sulfobutyl ether-3-
cyclodextrin and (b) a-cyclodextrin aqueous solutions at a similar concentration (/140
mg/ml). The spectra are normalized to their maximum intensity. Inset: comparison be-
tween the OH stretching signal of pure water at T = 280 K (continuous line) and T = 370
K (dashed line). The arrows indicate increasing temperature.

component, along with a blue shift of the whole OH-stretching band due to a
general weakening of H-bond interactions. By applying the same fit procedure
discussed in the previous section, the quantity C'(c,T') has been calculated and
used to describe the reorganization of tetrahedrally ordered water molecules
(Fig.6.6). A linear decrease of C' with temperature is found in pure water
(in agreement with literature results [229,237] ) as well as in SBE-3-CD solu-
tions, reflecting the destructuring caused by increased thermal motions. This
effect is in addition to the C reduction caused by the presence of SBE-(-
CD solute molecules, as discussed in the previous section, which is visible at
all temperatures. The solute-induced effect becomes less important at higher
temperatures, when thermal motions have a dominant role in decreasing the
intermolecular order. However, differently from what reported in a previous
study performed over a smaller concentration range [225], we observe that de-
structuring is clearly detected even at the highest temperatures. Fig.6.6b-d

shows a comparison between C' and T obtained for SBE-5-CD solutions and
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Figure 6.6: (a) Temperature dependence of the quantity C(¢,T) given by Eq.6.1, for pure
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B-cyclodextrin (HP-3-CD); (c¢) glucose; (d) a-cyclodextrin (a-CD); and (e) Met-3-CD at

similar concentrations (as indicated).

for other modified CDs, as well as for a-CD and glucose. In agreement with
the behavior observed at a fixed T as a function of concentration (see Fig.6.4),
Fig.6.6c,d confirms that both native CD and its constituent part, glucose,
disturb the tetrahedral order of water less than SBE-3-CD and the distur-
bance tends to become less pronounced at higher temperatures. Moreover,
SBE-5-CD and HP-3-CD affect the water structural order in a very similar
way (Fig.6.6b), whereas Met-5-CD increases structural disorder to a greater

extent, at all temperatures investigated (Fig.6.6e).
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6.2 Probing the molecular connectivity of wa-
ter confined in cyclodextrin-based pH-sensitive
hydrogels

Hydrogels are an appealing class of cross-linked polymers that are able
to absorb a large amount of water while preserving their three-dimensional
structure [238-241]. Since these materials resemble living tissues more than
other synthetic biomaterials, they are experiencing growing success as a main
component of common products in the food industry, biomedicine [242-245],
and pharmaceutics [246]. Among the wide range of polymeric formulations
that give rise to biocompatible hydrogels, an attractive class of “smart gels” is
represented by stimuli-responsive hydrogels [247-253]. The chemical-physical
and mechanical changes occurring in these systems as a reaction to the mod-
ification of their environment have been largely investigated in the litera-
ture, especially in relation to the possibility of triggering the desired drug
release [243,244,247,254]. In this framework, particular effort has been devoted
to the systematic design [247-250] and characterization [251-257,262,263] of
pH-responsive hydrogels that are particularly intriguing for use in the biomed-
ical field due to the huge local variation of pH that occurs at several body sites
under normal as well as pathological conditions [247,251,254]. The paradig-
matic example is provided by the drug delivery of active ingredients in the
intestine, characterized by a pH environment significantly higher than that of
the stomach [254-257]. Several experimental techniques have been employed
for the measurement and characterization of some crucial parameters in pH-
responsive hydrogels [247]. For example, the morphology of the materials has
widely been observed by scanning electron microscopy techniques [248-250]
and the mechanical properties have usually been probed by rheological mea-
surements [253]. At the same time, infrared and nuclear magnetic resonance
spectroscopies have been used to obtain information on the chemical architec-
ture of hydrogel materials [248,249]. In this work, we propose a multi-scale
approach for studying structural, viscoelastic and molecular properties in pH-
responsive hydrogels by the joint use of UV Raman spectroscopy, Brillouin

light scattering (BLS) and SANS experiments. As a prototype case study, we
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explore the behaviour exhibited by natural and biodegradable cyclodextrin-
based hydrogels, namely cyclodextrin nanosponges (NS) [258,259]. Compared
to other strategies used for the design of smart hydrogels, the synthesis of NS
offers the possibility to easily tune the properties of the final polymer net-
work [260] and provides thesematerialswith a high versatility that opens the
way to a broad range of applications [261]. SANS technique is a unique tool
to characterize the structural properties of hydrogel systems. On the other
hand, Raman and Brillouin spectroscopies provide access to complementary
information, probing collective motions and molecular vibrations. Examples
of a valuable combination of these two techniques include the study of the
gel-liquid crystal phase transition in lipid membranes [276] and the estima-
tion of the cross-linking density in polymers of cyclodextrins [277]. Moreover,
dual Brillouin/Raman spectroscopy has been successfully applied for under-
standing the mechanical and chemical properties of nanostructured hydrogel
networks and biological samples [282], confirming that this experimental ap-
proach can be very effective for studying biomaterials. Here we combine UV
Raman, BLS and SANS techniques to investigate the structural and molecu-
lar response of NS hydrogels to pH changes, by focusing our attention on the
properties of both polymeric and water species, with the final goal to clarify
how the microscopic behaviour of the system is reflected in the water uptake
of nanosponges [?,283]. The case example of NS hydrogel is chosen since they
are a good model system for the study of water-water and water-polymer in-
teractions in hydrogel phases. Indeed, the structure of NS is characterized by
the presence of both hydrogen-bond donor/acceptor groups and, additionally,
some important parameters such as cross-linking degree, pore dimension, and
hydrophilicity /hydrophobicity of the polymer matrix can be efficiently tuned

by acting on the parameter n.

6.2.1 Experimental methods
Preparation of NS hydrogels

NS polymers were synthetized by following the protocols previously re-
ported [281, 282,284, 285]. Briefly, anhydrous $-CD was dissolved at room
temperature in anhydrous DMSO containing anhydrous Et3N and then the
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Figure 6.7: Schematic illustration of the NS synthesis by means of the two different cross-
linker families, EDTA and PMA. The nomenclature adopted for the different classes of

nanosponges is reported in the figure.

cross-linking agent ethylenediaminetetraacetic acid dianhydride (EDTA) or py-
romellitic anhydride (PMA) was added to this solution at molecular ratios of
L:n (with n = 3, 4, 6, 8) with respect to the monomer $-CD. In the follow-
ing, the acronyms S-CDEDTA1n (8-CDPMA1n) indicate the NS polymers ob-
tained by the polycondensation process between S-CD and EDTA (PMA) with
starting molar ratios S-CD:EDTA (PMA) = 1:n. Fig.6.7 reports a schematic
illustration of the NS synthesis by means of the two different cross-linker fam-
ilies. The results of a preliminary characterization, at molecular level, of the
structure of EDTA- and PMA-NS polymers (in dry state) by varying the main
parameters of the synthesis are summarized in Ref. [278]. The correspond-
ing NS hydrogels, to be used for Brillouin, UV Raman scattering and SANS
experiments, were prepared by adding a suitable amount of double distilled
water HyO (for BLS and Raman spectroscopy measurements) or deuterated
water DoO (for SANS experiments) to a weighed quantity of dry NS polymer
in order to obtain the desired hydration level h (where h is defined as the
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weight ratio of water/NS). In order to reduce the incoherent contribution to
the total scattering cross sections measured, the NS hydrogels used for SANS
measurements were prepared by repeating the D,O swelling and freeze drying
cycles several times, in order to promote the hydrogen-deuterium exchange.
In all the hydrogel preparations, an increasing quantity of anhydrous Nay COj3
was dissolved in the hydrating H,O or D, O solution (at concentrations ranging
from 5 to 25% w/w) to achieve the desired pH of the resulting gel phase. Nay
COj3 was selected as pH modulator for the following reasons: i) stable, high
concentrated solutions can be prepared and used without interfering with the
analytical techniques, as would happen by using organic bases; ii) the use of
NaOH or other strong bases would promote hydrolysis of the NS, altering the
structure of the network. The pH values reported in the following for NS hy-
drogels have been measured by using a standard pH meter (HALO® Wireless
pH Meter). The pH values between S-CDEDTA and g-CDPMA nanosponges
differ even when using the same Nay CO3 % w/w solutions. This behavior
should be ascribed to the different content of free-carboxylic groups present in
the two NS hydrogels.

SANS measurements

SANS measurements were performed at constant temperature (298 K)
at the KWS-2 diffractometer of Jiilich Centre for Neutron Scattering at the
Heinz-Meier Leibnitz Center, Garching (Germany) [286-289]. Neutrons with
a wavelength spread AA/A = 0.2 were used. Three different wavelength
(W) /collimation (C)/sample-to-detector distance (D) combinations (Ws.zﬁ Csm
Diom , W5.22 Csm Dgm sz Co0m Daogm , and W19.6f; Ca0m Daom ) allowed
measuring cross sections in a range of the scattering wave-vector transfer mod-
ulus between 7.9-10~* and 0.34A4" . All the investigated samples were sealed
in a closed round sandwich cell and measured for enough time to collect an
intensity integrated over the whole 2D detector of about 2 million counts. The
obtained raw data were then corrected for background and empty cell scatter-
ing. Detector sensitivity corrections and transformation to absolute scattering
cross sections were made with a secondary plexiglass standard prior to radial
averaging of data [286-289).
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Brillouin light scattering measurements

Brillouin light-scattering measurements have been carried out by using an
incident radiation with wavelength of 532 nm. The polarization was chosen to
be perpendicular to the scattering plane and only scattered light with the same
polarization (VV) was collected and analyzed by a high-resolution Sandercock-
type tandem 3 + 3 pass Fabry-Pérot interferometer. The BLS spectra were
recorded in the back-scattering geometry on freshly prepared samples of NS
gels at h = 4 as a function of pH and at room temperature. No correction of

BLS spectra for dark count was necessary.

UV Raman spectroscopy measurements

UV Raman spectra on NS hydrogels were carried out by using the setup
descripted in detail in Chapter 2. All the samples were freshly prepared and

placed in optical quartz cuvettes for the measurements.

6.2.2 Correlation between collective and molecular dy-
namics in pH-responsive cyclodextrin-based hy-

drogels

NS hydrogels exhibit marked modifications in their solvation and gelling
behavior in response to changes in the temperature and pH of the environment
[269-271,297]. The pH range is limited by the experimental observation that
a homogeneous hydrogel could only be obtained by swelling the polymer with
a basic solution containing at least 5% w/w NayCO3 [297]. Accordingly, we
prepared four different gels with an increasing (5, 10, 15, 20%) amount of
Nay,COg , affording a pH value of 6.3, 8.7, 9.5 and 9.8, in that order. In the
following, the effect of temperature and pH on the Raman and Brillouin spectra
will be separately analyzed, and an interpretative model of the mechanism of

responsivity of NS hydrogels will then be provided.
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Figure 6.8: (a and b) Temperature evolution of Raman spectra collected for 3-CDPMA13
hydrogels at pH = 8.7 and pH = 9.8, respectively. (c) Comparison between UV Raman
spectra collected at T = 360 K on the S-CDPMA13 hydrogel at pH = 8.7, 9.5 and 9.8.
The photographs reported in the panel show the macroscopic changes observed in the gel

as function of temperature and pH.

Temperature and pH effects on the local molecular dynamics of NS
hydrogels

On the basis of the assignment of vibrational Raman signals previously re-
ported [269,297], the UV Raman spectra of the NS hydrogels were investigated
in the spectral range of 1500-1800 cm™!. Fig.6.8(a) and (b) show an example of
polarized UV Raman spectra collected for two S-CDPMA13 hydrogels at pH
= 8.7 and 9.8, respectively, and different temperatures. The spectra are domi-
nated by the signals associated with the vibrations of the PMA residues, which
cross-link different CD units. As already shown in previous work [269,280,297],
these modes are sensitive to the water-polymer interactions, which change with

temperature and pH. As revealed in previous work [278,297], the increase in



CHAPTER 6. HYDROPHOBIC/HYDROPHILIC EFFECTS 107

temperature causes the transition of the nanosponge sample from a macro-
scopic self-sustained gel to a flowing system [302](see the pictures in Fig.6.8).
Similar phase evolution, i.e. from flowing to rigid gel and vice versa, has al-
ready been observed and discussed in other nanosponge-based hydrogels under
different experimental conditions [302]. In the present case, the phase transfor-
mation undergone by NS hydrogels as a function of temperature is associated
with a general decrease in intensity of the Raman profiles, as evidenced in the
spectra of Fig.6.8(a) and (b). A marked red-shift of the Raman peaks is also ob-
served. This general wavenumber reduction appears more pronounced for the
Raman mode at about 1555 cm™! | as highlighted by the arrow in Fig.6.8(a).
The Raman spectra also exhibit a great sensitivity to the pH variation, as can
be noted from the comparison of experimental profiles at different values of pH
reported in Fig.6.8(c). On increasing pH, the most relevant spectral change
seems to be the shift toward lower frequency of the band at about 1555 cm™1.
Therefore, this Raman mode happens to be sensitive to temperature and pH

variations.

v( C=0 )cnthm

Raman Intensity (arb. units)

1480 1520 1560 1600 1640 1680 1720 1?I60 1800

Wavenumber (cm™)

Figure 6.9: Example of fitting obtained on Raman profiles collected for the S-CDPMA13
hydrogel at pH = 8.7 at two different representative temperatures, 300 and 370 K. The
sketches reported at the top of the panel represent the vibrational modes associated with

the experimental Raman peaks.
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For a more quantitative description of these modifications, the main spec-
tral parameters of the investigated Raman bands have been obtained by means
of a fitting procedure. Fig.6.9 displays the best-fitting curves of the Raman
spectra for the S-CDPMA13 hydrogel at pH = 8.7, at two representative
temperatures. A good decomposition of the experimental profiles has been
achieved by means of the five spectral components displayed in Fig.6.9. The
assignment of these components to the vibrational modes of PMA residues
in the structure of NS (as sketched at the top of the figure) was made on
the basis of the comparison between the experimental and theoretically com-
puted Raman spectra [269,297]. The band at 1550 cm™! corresponds to a
ring breathing motion of PMA and it is labeled as v(C=C); , whereas the
component v(C=C), arises from a combination of stretching vibrations of the
aromatic CQC bonds and bending of the C-H groups on the PMA unit. Both
these modes can be satisfactorily reproduced by using two Lorentzian func-
tions (cyan filled components reported in Fig.6.9). The broad spectral band
appearing at about 1580 cm ™! was described by using a Voight function (gray
line in Fig.6.9). This vibrational component, already observed in the spectra
of NS hydrogels [297], has been ascribed to the establishment of intermolecu-
lar interactions, mainly involving the CH groups of PMA. Finally, two Voigt

functions, centered at about 1730 and 1715 cm ™!

, were used to reproduce the
asymmetry present in the band profile associated with stretching vibrations of
the C=0 groups. These two bands have been previously assigned to the dif-
ferent stretching vibrations arising from the C=0 moieties that belong to the
ester and carboxylic groups of PMA (components labeled as v(C=0),g, and
V(C=0)carbor > respectively), both present in the polymer network of PMA-
based nanosponges [269-271,297]. As already noted in previous work [269],
the UV Raman spectra, excited with a light wavelength close to the m — 7*
electronic transitions of the aromatic groups, show a selective moderate en-
hancement of the intensity of the Raman peaks assigned to vibrations involv-
ing the aromatic moieties compared to those associated with functional groups
such as carbonyl groups. This condition turns out to be useful to detect also
slight spectral modifications occurring in the Raman bands connected to the
aromatic moieties in the polymer network of the NS. The described fitting pro-

cedure has allowed us to extract reliable values for the frequency position of
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Figure 6.10: Temperature evolution of the wavenumber position of the modes v(C=C)y,
v(C=C)3, ¥(C=0)cster and v(C=0)carbor (from the top to the bottom, respectively) ob-
tained for SCDPMA13 hydrogels at different pH values. Solid lines represent linear fits of
the experimental data. The rectangular box in the top panel indicates the T range where a

linear behavior is expected.

all Raman peaks in the frequency range of 1500-1800 cm ™! | for NS hydrogels
prepared at three different pH values. Fig.6.10 shows the temperature depen-
dence of the frequency of Raman peaks related to aromatic ring vibrations,
v(C=C); and v(C=C),, and to carbonyl stretching modes, v(C=0),g, and
V(C=0)carpox- From this figure, the red-shift on increasing the temperature
of all Raman modes in the investigated spectral window is clearly observed,
confirming what was qualitatively noted in Fig.6.8. The plot at the bottom
of Fig.6.10 shows some fluctuations, especially at high temperatures, in the
frequency position of the v(C=0)s;, mode, although the overall trend is de-

creasing on heating the sample. On the other hand, the determination of this
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frequency is more uncertain compared to that of the other vibration peaks due
to a higher correlation between the fitting parameters describing the two peaks
assigned to the carbonyl stretching modes. The red-shift behavior observed
for the frequency positions reported in Fig.6.10 can be interpreted as the vi-
brational signature of the progressive phase modification occurring in the NS
samples that at high temperatures appear in a completely solvated state of NS
domains (see the photographs in Fig.6.8). Interestingly, the rate of decrease
with temperature of the frequency position of the mode v(C=C); increases on
increasing pH, whereas the frequency of v(C=C), and of the stretching modes
associated with the C=0 groups is almost pH-independent. The vibrational
mode v(C=C); is therefore a sensitive probe of the molecular rearrangements
of the hydrogel structure in response to pH changes, consistent with observa-
tions in other types of NS gels [271,297,302]. This sensitivity can be explained
on the basis of the strong influence on this mode of the establishment of inter-
actions with water molecules, which are strongly directional and specifically
involve the hydrophobic CH groups on PMA moieties [269]. The effect of pH
on the v(C=C); peak position is more evident in the high-temperature region
(above E330 K), suggesting that the force constant of this ring-breathing mode
tends to decrease more rapidly as a function of T the higher the value of pH (see
the top panel of Fig.6.10). This indicates that basic pH-conditions promote the
phase change in NS hydrogels, possibly through the activation of the C-H bond
of the PMA unit toward solvation [271,297]. This transition is accompanied by
a progressive reorganization of water-polymer interactions involving the PMA
units, as suggested by previous work [280,297]. In particular, the behavior
of the v(C=C); peak position indicates that the most hydrophobic parts of
the polymeric network improve their accessibility to water molecules as the
temperature increases. This process is markedly triggered by pH, which tends

to favor the sensitivity of the NS polymer matrix to temperature variations.

Collective restructuring of hydrogen bonding in NS hydrogels

Fig.6.11 shows the typical profile of the BLS spectra of the NS hydrogels.
The evolution from the rigid to flowing gel state, previously discussed, clearly

affects also the BLS spectra. The intensity of light scattered from longitu-
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Figure 6.11: Brillouin spectra collected on the 5-CDPMA13 hydrogel prepared at pH = 9.5
as a function of temperature. A typical fit curve using a DHO function (Eq.6.5) is reported
as a gray line for the spectrum at T = 298 K.

dinal phonons at different temperatures is shown in Fig.6.11 for a sample of
[-CDPMA13 gel prepared at pH = 9.5. Stokes and anti-Stokes frequency
shifts are observed to the left and right of the Rayleigh line (broken axis).
The frequency position wy, /27 and linewidth I'; /27 of the Brillouin peaks,
obtained by fitting the spectra with Eq.6.2, are both sensitive to temperature
changes. To analyze the temperature dependent behavior of the parameter
I'p/27 (directly related to the longitudinal viscosity of the sample [303] ) we
better represent the data on the Arrhenius plot (Fig.6.12) where a thermally
activated behavior would appear as linear.

The qualitative similarity of the behavior of all samples suggests a common
nature of the dynamic process experienced by the NS hydrogels prepared at
different values of pH. Before proceeding to a quantitative description of this
process, a preliminary evaluation of the T range suitable to extract the relevant
physical information is needed. An indication is provided by the cases of pure
water and aqueous solutions studied in ref. [303] and [304]. In such cases, the
translational motion associated with density fluctuations and probed by BLS

was found to be related to a local collective H-bond breaking and reforming
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Figure 6.12: Arrhenius plot of the acoustic attenuation parameter 'z, /27 for 3-CDPMA13
gels prepared at different pH. The data collected on pure water are also reported in the same
graph for comparison. For the sake of clarity, the data were vertically shifted by a factor of
0.3 for the NS gel at pH = 9.5, and by a factor of 0.6 at pH = 9.8. Solid lines represent the
fit with a thermally activated Arrhenius-law (Eq.6.2). The rectangular box indicates the T

range where the Arrhenius behavior is expected (see the text).

mechanism, and the sound attenuation in the high temperature region to be an
indirect probe of this restructuring process. Indeed, when T is sufficiently high
the Brillouin peaks are located at frequencies much lower than the relaxation
rate of this process (wy, < 1/(7), with the average relaxation time (7) ranging
from fractions to a few picoseconds), i.e. the system is in a completely relaxed
regime. In this regime, the linewidth I'y /27 is directly related to (), and
exhibits the same thermally activated behavior [303,304]. Therefore, it can
be used to determine the activation energy of the relaxation process itself. In
the present case of NS hydrogels, we find that in the temperature range of
323-353 K the relaxed condition is satisfied for all the investigated samples,
and an Arrhenius behavior of I'y, /27 is expected. At lower temperatures the
data should deviate from Arrhenius behavior due to the onset of cooperative
motions with a different microscopic nature. Indeed, the data reported in
Fig.6.12, including those for pure water, are well reproduced, in this range, by

the expression
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Sample of NS gel E4(kJ mol™!)
BCDPMA13 gel pH = 8.7 15.5 £ 0.3
BCDPMA13 gel pH = 9.5 14.8 + 0.8
BCDPMAT13 gel pH = 9.8 15.1 + 0.4
Pure water 14.3 £0.3

Table 6.2: Estimated activation energy, E4 as obtained from the analysis of Brillouin
linewidth for samples of NS gels prepared at different pH and pure water.

where I'y is a pre-exponential factor, E4 the activation energy and R the gas
constant. Tab.6.2 shows that the values of E4 obtained for the NS hydrogels
are the same, within the experimental error, and almost equal to the value for
pure water. This finding indicates that the translational collective dynamics
probed by BLS in the hydrogels is dominated, similarly to water, by the ther-
mally activated process of restructuring of the H-bond network, taking place in
the picosecond time window. Interestingly, the H-bond restructuring process,
which likely involves the more hydrophilic moieties in the polymer backbone of
NS (C=0 and OH chemical groups of cross-linking agent and CD units), is not
affected by pH. This further supports that the pH-dependent mechanism in the
thermoresponse of NS hydrogels is dominated by the hydrophobic solvation of
the aromatic groups of PMA residues in the skeleton of the polymers [280,297]
rather than the H-bond reorganization around hydrophilic parts of the NS

domains.

pH-Dependence of phase changes in NS hydrogels

The changes with temperature of the BLS peak frequency position observed
in the spectra of NS hydrogels (see Fig.6.11) can be attributed to a change in
the average elastic properties of the sample, corresponding to a decrease in the
longitudinal acoustic modulus, according to:

/ w% . " FL
M'(wp) = ?,M (wr) = pr? (6.3)
Fig.6.13(a) displays the BLS frequency shift as a function of temperature, at

different values of pH. As a common feature of all the gel samples, a decrease in
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Figure 6.13: (a) Temperature evolution of Brillouin peak position for S-CDPMA13 gels at
different pH; solid lines represent linear fits of the experimental data, and the rectangular box
indicates the temperature range where a linear behavior is found. (b and c¢) pH dependence
of the quantities 7% and 7%, respectively, calculated as described in the text.

the BLS frequency on heating is observed. A similar red-shift was also observed
in the Brillouin peaks of dry NS as a function of the degree of cross-linking
[277]. This behavior was ascribed to a change in the stiffness of the whole
polymeric network, leading to general softening of the material. In a similar
way, the data of Fig.6.13(a) are consistent with the transition of NS hydrogels
from a state of connected gel toward a fully solvated state of NS domains,
as the temperature increases. Further, a smooth change in the temperature
dependence of the Brillouin frequency is visible in all the samples, suggesting
that the inter- and intra-molecular rearrangements of the NS domains upon
heating also affect the collective properties (propagation of acoustic waves) of
the system. It should be noted that in the high-temperature region, above
~335 K, the BLS frequency tends to decrease linearly with temperature, with
a higher slope for samples prepared at higher pH. Fig.6.13(b) shows the value
—% of this slope as a function of pH, revealing a marked pH dependence.
This quantity can be used as a physical descriptor of the rate of softening of the
NS hydrogel upon heating the system. The results in Fig.6.13(b) indicate that
the elastic modulus has a more pronounced temperature variation at higher

pH, confirming that basic pH-conditions tend to favor the solvation of NS
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domains, leading to phase change in the hydrogel. Interestingly, a similar pH-
dependent effect is observed for the temperature dependence of the frequency
position associated with the Raman mode v(C=C); , shown in the top panel
in Fig.6.10. The slope —% of the curves, derived from a linear fit of the
data in the high-temperature region, describes the rate of reduction of the
force constant for the ring-breathing mode v(C=C); due to the rearrangement
of the intermolecular interactions involving the aromatic moieties of PMA in
the NS polymer network and leading to a major exposure to the solvent of
the hydrophobic residues. The increasing value of the slope —% with
increasing pH (see Fig.6.13(c)) confirms the mechanism previously proposed
[280,297] the slightly acidic behavior of the CH groups in the aromatic rings
of PMA is further activated at basic pH, thus promoting a greater exposure of

these hydrophobic sites to the collision with solvent molecules. Intriguingly, the

pH-dependence of the quantities —% and —% is the same, according

to Fig.6.13(b) and (c).

Figure 6.14: Sketch of the evolution of the nanosponge hydrogel from the macroscopic
gel phase to the solvated state of NS domains, in response to variations of temperature
and pH. The increasing of the temperature reflects both an increase of interpenetration of
water molecules inside the pores of each NS molecule (sketches at the left) and a progressive
distancing of the NS domains among them (panel at the right). Both of these effects are
strongly favored at high pH.
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This finding indicates a correlation between the local (molecular) and the
collective properties of the NS hydrogels during the phase transformation trig-
gered by pH. The two techniques, Raman and BLS spectroscopies, both provide
indication that an increase in pH leads to an improved temperature-sensitivity
of the NS hydrogel, which is reflected in the properties of the system at a
mesoscopic and a macroscopic length-scale. The correlation between collective
and molecular dynamic behavior revealed by Raman and BLS spectroscopies
is suggestive of a mechanism for explaining the pH-sensitive phase change oc-
curring in NS hydrogels on increasing the temperature, as sketched in Fig.6.14.

Heating the gel sample promotes two different effects that cooperate and
drive the phase transformation of the system from the state of a rigid gel to
a liquid suspension of NS domains (see the photographs reported at the left
and the right in Fig.6.14, respectively), which is macroscopically observed in
nanosponge samples. On one side, the T increase improves the accessibility
of water solvent molecules to the hydrophobic sites of the NS backbone, as
probed on a molecular length-scale by the changes in frequency of the Raman
peaks and, in particular, of the peak associated with the ring breathing mode
v(C=C);. At the same time, the T increase induces a rearrangement of the
intermolecular interactions inside the gel network leading to a progressive sep-
aration of NS domains, and resulting in a decreased sound velocity. As a result
of the combination of these two effects, heating induces a solvation process of
the NS polymer network that is strongly triggered by the increase in pH. The
process illustrated in Fig.6.14 also appears to be consistent with the interplay
between physical and chemical interactions previously proposed to explain the

peculiar gelling behavior exhibited by cyclodextrin-based hydrogels [305].

6.2.3 Structural and molecular response in cyclodextrin-
based pH-sensitive hydrogels by the joint use of
Brillouin, UV Raman and Small Angle Neutron
Scattering techniques

SANS experiment: structurale response to pH After the inves-

tigation of the interesting behavior exhibited by PMA-NS as a function of
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Figure 6.15: SANS patterns collected on S-CDPMA14 hydrogels swollen at h = 4 and at
increasing pH (a) and on different gels of S-CDEDTA1In (n = 3, 4, 6, 8) prepared at fixed
hydration h = 4 and pH ~ 7.8 (b). Experimental data are reported as symbols and their
corresponding fit curves as dashed lines. The different data sets have been multiplied for
suitable factors in order to shift them and allow for a better visualization of both data and

fitting curves.

temperature and pH, we go to compare the behaviour exhibited by NS hy-
drogel in presence of two different cross-linker: PMA and EDTA. The struc-
tural response of different type of NS hydrogels to pH changes were moni-
tored and quantified by SANS experiments. Fig.6.15 (a) displays some repre-
sentative SANS curves collected for S-CDPMA14 hydrogel at increasing pH
values. Fig.6.15(b) reports a series of scattering intensities for different gels
B-CDEDTAlLn (n = 3, 4, 6, 8) at a fixed pH. All the experimental data show,
as dominant features, an upturn at low ¢ and a broad shoulder in the medium
q-range located between about 0.01 and 0.1 A~1 or larger. Similar SANS
patterns were already observed for a series of similar PMA- and EDTA-NS
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hydrogels at different hydration level [279]. The diffraction features described
above were linked to specific structural properties of the polymer network of
NS hydrogels at different length scales [279], spatial inhomogeneities on a scale
from few to hundreds of nm and concentration fluctuations of the gel network
arising from the inhomogeneity in the distributions of the chain-lengths and
of the cross-linking sites, respectively. The comparison reported in Fig.6.15(a)
and (b) points out qualitative differences in the shape of the SANS curves
of NS hydrogels depending on the cross-linker used for polymerization of CD
(EDTA or PMA). Indeed, the I(q) measured for EDTA-NS gels shows a more
pronounced shoulder in the medium g-range that is centred at about 0.015
A~!, while the same feature appears shifted toward higher g-values in the case
of gels of PMA-nanosponge. This is consistent with previous SANS investi-
gations [279] and confirms that the chemical nature of the cross-linker affects
the local structure of the corresponding NS polymer. Moreover, the SANS
data reported in Fig.6.15(b) suggest that the structural properties of the gel
significantly vary when changing the parameter n, i.e. the relative quantity
of cross-linking agent with respect to the CD monomer used during the syn-
thesis of EDTA-NS polymers. The SANS curves similar to those collected on
NS gels can be phenomenologically described as a combination of long-range
frozen inhomogeneities and local liquid-like scattering functions [279,290,291].
Therefore, a two-correlation length model [279,290-295] was employed to fit
the SANS curve with the empirical functional form:
A

M =Gt i o

where the two factors A and B and the g-independent background bkg are

+ bkg (6.4)

used as fitting parameters. The parameter ¢ corresponds to the short-range
correlation length for polymer chains that, in the case of polymeric gels, can
be considered as a reasonable estimate of the typical mesh size between neigh-
bouring crosslinks [290-292,294,295]. In the specific case of NS, that are 3-D
cross-linked polymers obtained by a step-growth polymerization process, the
correlation length ¢ has been interpreted as an experimental assessment of the
average size of the hydrophilic pores where, in the gel phase, water is mainly
confined [279]. The outcome of the fitting procedure through Eq.6.4 is shown

in Fig.6.7(a)-(b) and it can be considered excellent if compared to those found
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in the literature for similar systems [290,291,293|. The pH-dependence of the
parameter (, estimated for PMA- and EDTA-NS prepared at the fixed hydra-
tion value h = 4, is reported in Fig.6.16(a)-(b). As first remark, the comparison
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Figure 6.16: Correlation length ¢ estimated for 5-CDPMA1n (a) and S-CDEDTA1n
(b) hydrogels as a function of pH measured in the sample; the dashed lines are guides
for eyes. The error bars are not fully visible because the most of them are inside the

dimension of the points.

between the plots reported in Fig.6.16 (a) and (b) gives evidence that the av-
erage size of the pores in PMA-hydrogels is smaller (about 2 = 12 A) than
that observed in the other gels based on EDTA (1 = 55 A). As PMA and
EDTA are representative of short-rigid and long-flexible spacers, respectively,
this finding confirms that a modulation of the void size in NS can be designed
by properly choosing the cross-linking agent. This interpretation is also fully
consistent with previous SANS investigations on the structural effects of water
absorption in NS polymer network that gave evidence of the larger value of
the upper limit of the mesh-size for EDTA nanosponges with respect to PMA
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ones [279], reflected in turn in a better water uptake observed for the former
type of NS. By inspection of Fig.6.16(b), we observe that the correlation length
¢ in EDTA-based hydrogels sharply increases on passing from pH = 7 to pH
= 8 and then attains a sort of plateau, before slowly dropping for higher pH
values. Also, the pH response observed for 5 in EDTA-based NS hydrogels is
markedly influenced by the parameter n (i.e. molar ratio between the cross-
linker and the monomer in the polymerization), as clearly indicated by the
plots of Fig.6.16(b). The data show that high values of molar ratio (n = 6, 8)
lead to hydrogels with generally larger hydrophilic pores and more sensitive to
pH changes. This is also in line with previous investigations that evidenced for
n N 6 an increment in the degree of branching [278] leading to the formation
of additional -COOH groups in the polymer network of the corresponding NS.
On the other hand, in the case of PMA-based hydrogels (Fig.6.16(a)), ¢ seems
to be much less sensitive to pH variations. In addition, the local structure
of PMA-NS hydrogels seems to be not significantly affected by the choice of
molar ratio n during the polymerization, giving rise to materials that exhibit
a less marked change in the mesh-size of hydrogel network even when pH is
significantly changed. The overall structural picture emerging from the anal-
ysis of SANS data is that the type of cross-linking agent plays a key role in
determining the structural properties of NS on the nanometer length scale. In
particular, i) the larger molecular dimension, ii) the higher flexibility, related
to the conformational degrees of freedom, and iii) the acid-base properties of

the EDTA cross-linker seem to confer to NS a better responsivity to pH change.

BLS measurements: elastic characterization Brillouin spectroscopy
detects photons that are inelastically scattered by spontaneously (thermally)
induced collective density fluctuations that propagate in all directions (acous-
tic phonons), and offers a non-invasive method to investigate the mechanical
properties of materials [281,282,296]. In particular, the frequency position
of the Brillouin peaks can be used as a physical descriptor of the elasticity
of the hydrogel network, over a mesoscopic length scale. Fig. 4(a)—(b) show
the typical Brillouin spectra acquired in PMA- and EDTA-NS, respectively,
prepared at fixed hydration level using a solution at 15% of Nay,COs3. As a
first remark, clear differences appear in the spectral shape of the BLS spec-
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Figure 6.17: Brillouin spectra for (a) S-CDPMA18 and (b) 5-CDEDTA18 at h = 4 and pH
= 9.0. Experimental data are reported as symbols; solid lines represent the corresponding
fit curves obtained by using one or two DHO functions. Coloured areas indicate the different
DHO contributions. In both panels, the BLS spectrum of the solvent solution HoO + Nay
CO3 15% w/w and the corresponding fit curve are indicated with blue empty circles and

full line, respectively.

tra from EDTA and PMA-based nanosponges. In particular, in the case of
EDTA-NS (see Fig.6.17(b)) the spectra show two components at frequencies
sufficiently separated to be clearly resolved, indicating the coexistence of a soft
(at lower-frequency) and a hard (at higher-frequency) acoustic mode. This fea-
ture is observed in all samples but S-CDEDTA13. On the contrary, a single
peak is found in the case of PMA-NS (see Fig.6.17(a)). It should be noted
that the acoustic modes probed by BLS have a typical wavelength of ~200
nm and involve cooperative motions propagating over a distance of at least a
few wavelengths. Therefore, our findings suggest that, over the length-scale

of several hundred nanometers, the hydration of EDTA-NS gives rise to a
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more heterogeneous material compared to PMA-NS. To get more quantitative
information, the spectra have been analyzed according to a well-established
procedure [276,277,281]. Each contribution, I(w), to the intensity of the to-
tally scattered light has been modelled using a damped harmonic oscillator
(DHO) lineshape, i.e.:

FB(,U%
B — w4 [WI'E]

I(w) = Rw) X I; n (6.5)

where R(w) is the instrumental resolution function, the symbol ) represents
the convolution operator, I is an amplitude factor dependent on the scattering
cross-section, and wg = 27vg and I'g represent the frequency position and the
full width at half-maximum (FWHM) of the Brillouin peaks. In particular, the
real part of the longitudinal elastic modulus of the sample at the frequency of
the Brillouin peaks, M’(wg), is directly proportional to the squared frequency

v% . Representative examples of fitting curves are shown in Fig.6.17.
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Figure 6.18: Brillouin frequency v as a function of pH in samples of S-CDPMAIln (n =
3,4, 6, 8) swollen at h = 4. The full line is a guide for the eyes. The values of v}, measured
for the solvent NagyCO3 + HoO w/w % are reported in the same graph.

Fig.6.18 shows the dependence of vg on pH of the sample for PMA-based
nanosponges. By comparison, the values of vz measured in the pure solvent
are also reported, and a correlation with the amount of NayCOj3 in the solution

is observed. However, different NS respond differently to the same solvent, and
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a progressive increase of the Brillouin frequency appears indeed to be associ-
ated to the increasing value of pH in the samples, suggesting that they become
progressively more rigid by passing from low to high pH. The picture emerging
from this behaviour is that the higher the pH, the stronger the interconnec-
tions among NS domains, giving rise to an overall stiffer gel network. It is to
be noted that according to BLS results, all types of PMA-based nanosponges
exhibit a similar mechanical response under variation of pH, in agreement with
information from SANS measurements revealing only a slight dependence of

the structure on the molar ratio of the monomer constituents, n. A more
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Figure 6.19: Brillouin frequency vp of the hard (open symbols) and soft mode (closed
stars) in samples of S-CDEDTA1n (n = 3, 4, 6,8) swollen at h = 4. The pink coloured area
covers the data of the hard mode; the solid line is a guide for the eyes running through the
data of the soft mode.

complex scenario is found in the case of EDTA-based nanosponges. Fig.6.19
shows that the Brillouin frequency of both soft and hard acoustic mode shifts
to higher values on increasing pH, similar to the behaviour observed in PMA-
based nanosponges. The two modes, however, differ in their dependence on the
composition of the polymer network, with the hard mode being significantly
affected by a change of the parameter n and the soft mode being almost inde-
pendent of it. This provides a clear indication that the hard and soft modes

are associated tthe propagation of phonons in polymer- and solvent-rich en-
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vironments, respectively. Such heterogeneity on the length scale probed by
BLS is lost in the sample with n = 3 in which, as in the case of PMA-based
nanosponges, only one mode is detected. Interestingly, in this case the pH
dependence of the Brillouin frequency is very close to that found in PMA-NS.
By comparison with the results of SANS experiments (see Fig.6.15), we note
that heterogeneities on a micrometric length-scale are only revealed by BLS
in hydrogels characterized by a mesh-size larger than ~ 154, suggesting that
the microscopic factors responsible for differences in the internal structure of
NS domains also determine the interactions between them, responsible for the
macroscopic hydrogel structure. Therefore, BLS provides an elastic character-

ization of the investigated systems coherent with their structural features.

UV Raman spectroscopy measurements As shown in previous works
[269, 281, 297], UV Raman spectroscopy can be efficiently used for investi-
gating water-polymer interactions in NS hydrogels in different experimental
conditions. Here, we focus the attention on the high-wavenumber region of
the Raman spectrum (2800-3800 cm™! ) that includes the CH stretching sig-
nals of EDTA-NS (2800-3000 cm ™! ) as well as the OH stretching band of
water (3000-3800 cm™! ), a particularly sensitive probe for the H-bond or-
ganization of water [268,298-300]. The spectral analysis was carried out on
B-CDEDTAL1S8, as a representative NS sample, to gain structural information
on the polymer matrix and on the water embedded in it. Fig.6.20 displays
the resulting Raman spectra obtained for f-CDEDTA18 samples at different
hydration levels. For the sake of comparison, the spectra were normalized
to the maximum intensity of the OH stretching band at ~3400 cm~' . The
CH signals of EDTA-NS polymer can be clearly seen between 2800 and 3100
cm~!. The spectral contributions to the OH stretching band arising from the
polymer OH groups can be safely neglected, as suggested by comparing the
spectra of dry and hydrated NS samples. The Raman spectrum of the solvent
(blue line in Fig. 7) evidences the presence of the three distinct components
at w; ~ 3200, wy ~ 3450 and ws ~ 3600 cm™! typical of water. Following a
common interpretation [229,232,298,301], the lowest wavenumber component
refers to collective in-phase vibrations due to water molecules locally arranged

in ordered ice-like tetrahedral configurations [229,301]; the intermediate con-
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Figure 6.20: UV Raman spectra collected on S-CDEDTA18 gel swollen at increasing hy-
dration value h and at fixed pH ~ 9. The arrows indicate the increasing of hydration h.

The spectra of pure solvent and of dry NS are reported in the same panel for comparison.

tribution is associated to water structures where H-bonds are partially elon-
gated and/or distorted [301] and phase correlations among nearest oscillators
vanish; the shoulder at higher wavenumbers is assigned to OH groups not in-
volved (as H-donors) in H-bonds. To notice that these latter may be described
as short-living species that transiently form during the H-bond rearrangement
dynamics [232]. As it appears in Fig.6.20, the shape of OH stretching band in
the spectrum of the S-CDEDTA1S8 gel hydrated at h = 1 differs significantly
from that of the pure solvent. This finding suggests that the intermolecular
structure of water in the compartmentalized spaces of the hydrogen network
is different from the bulk water, in agreement with what already observed in
other gel systems [268,298-300]. In particular, the spectra in Fig.6.20 point
out an overall blue-shift of the OH distribution on going from the pure sol-
vent to the hydrogel at h = 1, together with a marked decrease of the ice-like
component at about 3200 cm™! . This clearly indicates that water hydrating
the EDTA-NS matrix has partially lost its tetrahedral organization typical of
the bulk. The observed destructuring effect on the interfacial water can be
mainly attributed to the EDTA cross-linker, considering that S-CDs barely
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affect the structure of water even at relatively high concentrations [74], and /or
to a less specific confinement effect. Fig.6.20 also highlights that with the
growth of the hydration level the distribution approaches to that of pure wa-
ter, reflecting the increase of the population of bulk-like environment during
the swelling process. The shape of the OH band in nanosponges swollen at h
> 5-7 and in the pure solvent practically coincides (see Fig.6.20), suggesting
that, for high swelling degrees, the fraction bulk-like water is dominating and
it is not significantly perturbed by the interaction with the polymer backbone.
A similar behavior was reported for other gel systems [268,299]. Interest-
ingly, with the increase of h, relevant changes of the features of the CH signals
can be also observed, indicating modifications on the intermolecular interac-
tions experienced by the CH groups upon swelling. The spectral changes were
quantified by a curve-fitting procedure [74,233-235]. In particular, the OH
distribution was reproduced considering three distinct components: a mixed
Gaussian-Lorentzian form for the ice-like contribution (w; ~ 3200 cm™! ) and
two Gaussian profiles for the contributions arising from water molecules in-
volved in distorted configurations and H-bond-free OH groups (wy =~ 3450
and w; ~ 3600 cm™! ), respectively [74,234]. During the fitting procedure,
the widths of the three components was fixed to the values obtained for pure
water [74], while three Voight functions were considered for reproducing the
CH stretching signals. Even if various decomposition procedures have been
proposed to describe OH band features 74,229, 232-235, 237, 301], here we
employed a relatively simple scheme that involves the minimum number of
components needed to reproduce the distribution. This method, in which a
reduced number of parameters are considered, has proved to be convenient for
comparison ends [74,234]. An example of fitting result is displayed in Fig.6.21
for the case of f~-CDEDTA18 gel hydrated at h = 4 and at pH = 9.8. In order
to quantify spectral changes, the quantity C(h,pH) (see eqn.6.1) was consid-
ered. This quantity is related to the fraction of OH groups involved in ordered
ice-like configurations [74,229,233-235,237]. As reported in Fig.6.22(a), for
low h values (h = 1-1.5), the value of C is significantly lower compared to that
of the pure solvent, suggesting that, at these hydration levels, the interactions
with the polymer groups affect the tetrahedral ordering of a large fraction of

water present into the NS matrix. It might be expected that the formation of
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Figure 6.21: pH-evolution of UV Raman spectra collected on 3-CDEDTA18 gel swollen at
fixed value of hydration h = 4. The arrows indicate the increasing of pH measured in the gel
phase. An example of best fitting result obtained for the experimental profile corresponding
to the S-CDEDTA1S gel at pH = 9.8 (red line) is reported in the same panel with the single
components assigned to the vibrational modes of NS and to the OH stretching components
of water. Inset: comparison between the spectra of neat water and of the solution HoO +
NayCOg3 at 5 and 25% w/w.

H-bonds between water and carboxylate anions [285] would play an important
role in the destructuring of the ice-like configurations typical of bulk water.
Fig.6.22(a) points out that C increases with the hydration degree up to h =
4 + 5, reaching a plateau corresponding to the value of the pure solvent. In
a consistent way, the data from BLS collected on the same sample showed
the presence of a “solvent rich” contribution to soft acoustic mode shift. This
parallelism between the atomistic description of Raman spectroscopy and the
long-range organization explored by BLS is of interest for the overall picture
of the material’s properties. Starting from h = 1, the addition of water leads
to a progressive swelling of the NS matrix with a corresponding increase of the
fraction of bulk water within the system. Likely, the full swelling is attained
for h = 4 + 5, when most of water shows a bulk-like structure; no further

variations of C are then observed for h > 5, probably due to sensitivity rea-
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Figure 6.22: (a) Hydration-dependence of parameter C for -CDEDTA18 gel swollen
at fixed pH =~ 9. The dashed line represents the value of C obtained for the solvent
used for hydrating NS. Inset: h-dependence of the frequency position of the most
intense mode at about 2970 cm~! of NS. (b) pH-dependence of C for S~-CDEDTA18
gel swollen at fixed h = 4. Inset: pH-evolution of the frequency position of the most
intense mode at about 2970 cm™! of NS.

sons. The peak position of the CH band of EDTA-NS polymer found at about
2970 cm ™! decreases significantly just up to h = 5 (inset of Fig.6.22(a)), with
minor changes for higher hydration levels. This supports the idea that major
structural modifications on the NS network occur in the h = 1-5 range. The
effect of pH on the spectral distribution of the NS hydrogels (5-CDEDTA18)
swollen at a fixed hydration level (h = 4) can be clearly observed in Fig.6.21.
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The features of the CH stretching signals change by increasing pH, with varia-
tions qualitatively similar to those induced by increasing hydration degree. In
fact, as shown in the inset of Fig.6.22(b), a continuous red shift is observed for
the CH band at 2970 cm ™! as the pH increases, which could be interpreted as a
signature of a progressive modification on the overall structure of the polymer
network promoted by the pH variation. While this progressive phenomenon
seems to be uncorrelated with the variation of the mesh-size  detected by
SANS experiments for pH>8 (Fig.6.16), it might be connected to the modu-
lation on the elastic properties probed by BLS (Fig.6.19). The pH increase is
also accompanied by a significant destructuring of the tetrahedral organization
of water, as testified by the depletion of the ice-like component (3200 cm™! ) of
the OH band (see spectra reported in Fig.6.21). In fact, a noticeable reduction
of C(pH) can be observed in Fig.6.22(b), especially evident for high pH values.
This can be only partially ascribed to the increasing concentrations of NayCOs3
in the system that, as shown in the inset of Fig.6.21, causes a quite modest
destructuring effect on pure water. Rather, it might be explained consider-
ing an overall increase of the solvent-exposed area of the polymer surface, as
a consequence of pH-induced structural changes and/or the increase of ionic
sites in the system, such as -COO™ groups of the cross-linker, with inherent
destructuring character [285]. It is likely that the water taken up during the
swelling process is mainly stored in the pores of nanosponges, whose average
size is estimated by the correlation length (, and the intermolecular structure
of these solvent molecules shows a relatively higher probability of H- bond
defects than those of the bulk. The presence of spatial inhomogeneities on
a scale of about tens of nm, revealed by SANS measurements [279], suggests
that a fraction of the water molecules permeates the interstices among NS do-
mains where the interaction with the polymer surface is probably slighter, thus
favouring the formation of H-bonds structures similar to those formed in the
free solvent, as revealed by the Raman analysis. The increase of pH promotes a
switch in the characteristic size of the hydrophilic pores in those NS hydrogels
where the cross-linker has a well defined acid-base property (EDTA-NS). The
structural changes are accompanied by important molecular and viscoelastic
modifications of the hydrogel system, reflected by a larger orientational dis-

order induced on the H-bond of water molecules and by an overall increased
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stiffness of the gel network observed at high pH. These changes can definitively
clarify the origin of the improved water uptake capability shown by NS in basic
conditions [281,297].



Conclusion

The results reported in this PhD thesis highlights the advantages of syn-
chrotron-based UV Resonance Raman scattering technique for the investiga-
tion of intermolecular interactions in ionic liquid/water mixtures and of their
solvation properties towards biological molecules. In particular, we can sum-
marize the main results as it follows:

Chapter 3: the comparison between UVRR and spontaneous Raman spec-
tra of ILs discussed in the chapter underlines how the unique tunability of SR
in the UV range allows the selective enhancement of the vibrational signals
arising from cations of ILs. We have recognized in the UV-resonance spectra
some spectroscopic signals that are markers of the molecular reorganization of
cation/anion domains induced by the presence of water molecules. At the same
time, UVRR technique turned out to be particularly informative in probing
the H-bond rearrangement of water network inside water-rich nano-domains
known as water pockets.

Chapter 4: The solvation dynamics of small peptides has been studied
by putting in evidence on the advantages of the use of SR-based UVRR scat-
tering. The analysis of the spectra confirms that the UVRR cross sections
and frequencies of amide bands can be used as strongly sensitive spectroscopic
markers for probing the interactions between the amide backbone and the
surronding solvent molecules in the presence of IL.

Chapter 5: The conformational stability of DNA in the presence of ILs
has been investigated at molecular level thanks to the selectivity offered by
SR-UVRR spectroscopy. The tunability of UV source has allowed to enhance
specific vibrational signals associated to nitrogenous bases of DNA, through

an appropriate tuning of the excitation wavelength. Such approach permitted
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to probe the rearrangements of interactions in the local environment around
specific nucleotides as a function of thermal denaturation. As main result, we
observed a stabilizing effect on the natural conformation of DNA induced by
the presence of imidazolium-based ionic liquids, in agreement also with some
theoretical investigations reported in literature.

Chapter 6: UVRR scattering has been used in joint combination with
Small Angles Neutron Scattering and Brillouin experiments to describe hy-
drophobic/hydrophilic effects in hydration water for different environments.
The case of hydrophilic sugar solutes and polisaccharide hydrogels have been
discussed. The reported results put in evidence the usefulness of a multitech-
nique approach to provide a picture of the intermolecular ordering of water
due to solvent-solute interactions.

All these results corroborate the great potentiality of UV Raman spec-
troscopy to retrieve information on the intermolecular interactions in hydrated

systems.
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Appendix A

Small Angle Neutron

Scattering, basic relations

Small angle neutron scattering (SANS) is a neutron technique able to probe
structures at length scales from around 1 nanometre to more than 100 nanome-
tres. It has a wide range of applications from studies of polymers, precipitates
in metallurgical specimens, biological molecules, micelles and magnetic sys-
tems like ferrofluids. Small angle scattering (SAS) is the collective name given
to the techniques of SANS, X-ray (SAXS) and light (SALS, or just LS) scatter-
ing. In each of these techniques radiation is elastically scattered by a sample
and the resulting scattering pattern is analysed to provide information about
the size, shape and orientation of some component of the sample. Neutron
scattering has an advantage over X ray scattering due to selective absorption
and scattering cross section of neutrons across the periodic table.

In general, neutron scattering is a process of collision between neutrons
emitted by a source and a target which is the studied sample. When the
scattering angles of these collisions are very small, the emitted neutrons are
very close to the axis of the emerging beam. This process is thus referred
to as SANS. The momentum exchange between the direction of the scattered
neutron and the direction fo the initial beam can be expressed as:

hqg = @ sin(0/2) (A.1)

where 6 is the scattering angle, A is the wavelength of the neutron, and ¢ is
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the amplitude of the scattering vector. Using neutrons with wavelenghts in the
range of 4-20 A, permits to cover a g-range usually between 0.001 and 1A~
Measurements at lower angles are limited by experimental difficulties while at
higher angles it is possible to go out of the proper small angle scattering mea-
surement, and other features of the structure become visible. Such momentum
exchange permits to study the structure at length scales from one nanometer
up to few hundreds of nanometers. The structural arrangement of the nuclei
are correlated with the g-dependence of the scattering, being the former the
space-Fourier transformation of the momentum exchange dependence of the
scattering intensity. The length scales reached in small angle neutron scatter-
ing experiments do not permit to distinguish the individual atoms. Therefore,
the quantity measured is the distribution of the scattering length pg.;. This
quantity is defined as the ratio of the sum of the scattering lengths b; of all

nuclei to the volume V they are contained in:

1
Pscl = V XZ: bz (AQ)

Correlation length is a useful quantity to characterize the spatial extension of
inhomogenities inside a sample. In samples like compressible liquids close to
the critical point or in two-component molecular mixtures, it is possible to

describe the scattering length distribution using the Debye equation:

((Prea(r) = Pavernge ) 72 ~ ~eapl(=1 /) (A3)

in which ¢ indicates the correlation length. This quantity is roughly a dis-
tance up to which the correlation between the fluctuations of the local density

extends. The corresponding scattering intensity is called Ornstein-Zernike for-

mula [187]:
[187] 10
I(q) = T e

It has the form of a Lorentzian function, resulting from the Fourier transform

(A.4)

scattering length density distribution. The Ornstein-Zernike formula can be
used for a graphical determination of the correlation length and of the scatter-
ing intensity at zero angle. At large values of the scattering vector the intensity

decays proportionally to ¢.
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