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Pre-resonance effects in deep UV Raman spectra
of normal and deuterated water
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We have investigated the shape of the OH/OD stretching Raman band of water as a function of the
excitation wavelength in the deep UV region (200—-266 nm). By analyzing the spectral profiles, we high-
lighted selective pre-resonance effects in the high wavenumber component of the OH/OD stretching
band, associated to distorted H-bonded water configurations. A van't Hoff treatment of the temperature-
dependent Raman spectra provides an estimate of the thermal energy associated to the change from
ordered (ice-like) to disordered configurations that agrees with values obtained by related methods based

on a two-state model of water. These results open the possibility of exploiting the observed pre-
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Introduction

One of the established models concerning liquid water suggests
the existence of two states characterized by different molecular
coordination, each with distinct enthalpies.” This model helps
interpret some well-documented water anomalies, such as
increased thermal capacity, compressibility, and expansion
coefficient with decreasing temperature.>® A model based on
the coexistence of high-density liquid (HDL) and low-density
liquid (LDL) phases and the presence of a liquid-liquid critical
point (LLCP) at low temperatures has been recently reviewed.”

Raman spectroscopy has a longstanding tradition in investigat-
ing the structure of water by observing changes in vibrational
behavior in response to various physical and chemical stimuli,
such as temperature, pressure, isotopic composition, and added
species in solution.>® Typically, attention is focused on the OH
(OD) stretching band of Raman spectra due to its sensitivity to the
above changes. The optical absorption resonances of liquid H,O
and D,0 are temperature-dependent and lie in the far UV region
between 150 and 160 nm.”'° While the integrated Raman intensity
of the OH stretching band is known to undergo a significant
enhancement for excitations below 300 nm,*"**> not much atten-
tion was paid to the evolution of the band shape. We discussed the
effects of the choice of the excitation wavelength on the Raman
spectra of water and ice I, and snow, at selected temperatures.*?
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resonance deep-UV signal enhancement to investigate H-bonding properties in aqueous media.

We observed distinct changes in the Raman profile of the OH
stretching band moving from visible excitation wavelength
(532 nm) to deep UV (200 nm). We interpreted the collected data
as signature, at decreasing wavelength of the exciting probe, of the
increasing Raman cross-section of water molecules with distorted
hydrogen bonds (weakly H-bonded water; high-density liquid,
HDL in the literature) relative to that of water molecules with
strong hydrogen bonds (strongly H-bonded water; low-density
liquid, LDL in the literature).

Expanding on this investigation, we explore a range of
temperatures (283-348 K) and wavelengths (200 nm-514 nm)
and compare the behavior of D,O to that of H,O at selected
temperatures (ca. 300 K) as a function of the excitation wave-
length. The gathered data confirm and reinforce our earlier
findings:" the contribution to the OH stretching band from the
population of water molecules with weak H-bonds is selectively
enhanced when water is probed with deep UV excitation.
Despite this selective enhancement, a two-state approximation
applied to the current data yields an enthalpy change that does
not depend on the excitation wavelength. Values of 1.4 +
0.1 keal mol " and 1.6 £ 0.1 kcal mol ' were obtained for
H,0 and D,0, respectively, associated with the thermal energy
needed to go from ordered (ice-like) to disordered configura-
tions, in agreement with previous estimates.'*"

Experimental

The Raman spectra of liquid water were collected using double-
distilled and deionised Milli-Q water and deuterium oxide 99.9
atom% D (Merck) placed into suitable suprasil quarz cuvettes.
The ice I, samples have been obtained by spontaneous freezing
of Milli-Q water in the cuvette at —20 °C.
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Multi-wavelength UV Resonance Raman (UVRR) measurements
were carried at the BL10.2-IUVS beamline of Elettra Sincrotrone
Trieste (Italy)."® The excitation wavelengths at 200, 226, 240 and
250 nm were provided by the synchrotron source by setting the gap
aperture of the undulator device and monochromatizing the incom-
ing synchrotron radiation through a Czerny-Turner monochroma-
tor (750 nm focal length Acton SP2750, Princeton Instruments,
Acton, MA, USA) equipped with holographic gratings with 1800 and
3600 grooves per mm. Two passively Q-switched laser systems
emitting at wavelengths of 213 nm and 266 nm were used as
sources for collecting UVRR spectra with these excitation energies.
The Raman signal of the samples was collected in back-scattered
geometry, analysed via a single-pass Czerny-Turner spectrometer
(Trivista 557, Princeton Instruments, 750 mm of focal length)
equipped with a holographic grating at 1800 g mm ™" and detected
using an UV-enhanced CCD camera. The resolution, depending on
the excitation wavelength, was set at 2.1, 1.9, 1.7, 1.5, 1.4 and
1.2 cmfl/pixel at 200, 213, 226, 240, 250 and 266 nm, respectively.
The calibration of the spectrometer was performed using cyclohex-
ane (spectroscopic grade, Sigma Aldrich). Except for the excitation
wavelength at 200 nm, the UV Raman spectra were recorded both in
vertical-vertical (VV) and horizontal-vertical (HV) polarization.

A sample holder equipped with a thermal bath coupled to a
resistive heating system was used to control the temperature of
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the samples during the collection of the Raman spectra mea-
surements of liquid water (temperature stability of £0.1 K). The
UVRR spectra of ice I, were recorded at a fixed temperature
between —4 and —6 °C to preserve the sample from any micro-
structural change. A constant flux of gaseous nitrogen was kept
on the sample cells during the measurements of ice to avoid the
freezing of atmospheric water vapor on the cuvette window.

Raman spectra with excitation in the visible (VIS) range were
collected in the 2800-3800 cm ™" range (spectral resolution of
2 em ') at different temperatures (10-75 °C) using the appara-
tus described elsewhere.'” In particular, the 514.5 nm line of an
argon ion laser (Coherent model Innova 90) was employed as a
light source (typical power ~500 mW). The spectra were
collected using an ISA Jobin-Yvon model U1000 double mono-
chromator (1 m focal length holographic gratings) and a
photon counting detection device. This involved a thermoelec-
trically cooled photomultiplier (Hamamatsu model 943XX),
computer-controlled by the ISA Jobin-Yvon SpectraMax pack-
age. The spectra were collected in 90 degree scattering geometry
with vertical-vertical (VV) and horizontal-vertical (HV) polar-
ization configurations, using standard polarization optics
(Melles-Griot). Liquid CCl, was used to calibrate the spectro-
meter. The temperature of the sample was controlled by a
Haake F6 ultrathermostat (precision of 0.1 °C).
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Fig. 1 Raman and UVRR spectra of H,O (a) and D,O (b) recorded at room temperature using different excitation wavelengths (spectra have been
vertically shifted for clarity). The first moment (M) of the OH-stretching band (c) and OD-stretching band (d) as a function of the excitation wavelength.
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The shape of the Raman spectra collected with excitation in
the VIS and UV range was corrected to account for the »*
dependence of the scattering efficiency. The first moment
(M) of the Raman spectra reported in Fig. 1 was computed
according to M, = [vI(v)dv/[I(v)dv.

Results and discussion

Fig. 1(a and b) displays the spectra of liquid water recorded at
room temperature in the OH stretching region at various
excitation wavelengths.

The OH stretching band is broad and structured, reflecting
the spread of intermolecular interactions within liquid water.
Typically, the OH groups involved in stronger H-bonds vibrate
at lower frequencies. More specifically, the spectra display three
main components at ca. 3200 cm ™" (i), 3400 cm™ " (ii), and
3650 cm ™ (iii) that can be respectively assigned to (i) the stretching
of OH groups embedded in more ordered (ice-like) configurations,
(ii) the stretching of OH groups present in distorted H-bonds, (iii)
the stretching of free OH bonds.'®° The attribution of the (i) 3200
cm™~ ' component remains controversial. It was often linked to a
collective intermolecular mode in which OH oscillators embedded
in tetrahedral configurations with linear H-bonds effectively
couple'” and references therein. It has also been assigned to the
Fermi resonance (FR) between the stretching fundamental and the
bending overtone.>?**® Even though theoretical studies suggest
that the contribution of the FR is essential to reproduce experi-
mental Raman features, it appears that the intermolecular coupling
alone is largely responsible for the increase of the intensity in the
low-frequency portion (<3300 cm ') of the Raman spectrum and
for its bimodal character.**** Additionally, as already remarked,**
the bending overtone in the liquid occurs at ca. 3250 cm™ " and
overlaps with the red-shifted vibration of the OH groups that are
more strongly H-bonded. Thus, the FR would affect more specifi-
cally the more ordered (ice-like) configurations characterized by
linear H-bonds. The increased coupling between the stretching and
bending modes for the water molecules involved in stronger H-
bonds has been emphasized recently.*® Overall, it seems reasonable
to attribute the 3250 cm™* component to vibration modes of more
ordered water structures whose Raman activity depends on both
intermolecular coupling and FR effect.

The comparison of Fig. 1(a) evidences an overall intensity
redistribution towards higher wavenumbers with decreasing
the excitation wavelength, as previously reported.”® Since the
band is structured and asymmetric, its dependence on the
excitation wavelength can be suitably monitored by calculating
the band’s first moment (M,)”” (M = [vI(v)dv/[I(v)dv), as
reported in Fig. 1(c). M; changes significantly with excitation
wavelength: it strongly increases at shorter wavelengths in the
deep UV region in connection with the occurrence of pre-
resonance effects. Specifically, OH groups vibrating at higher
frequencies (associated with disordered molecular configura-
tions and weaker H-bonds) experience a larger pre-resonance
enhancement than those vibrating at lower frequencies (asso-
ciated with more ordered structures and stronger H-bonds).

This journal is © the Owner Societies 2024
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To gain more insights into this phenomenon, an analogous
comparison performed for OD stretching of deuterated water is
reported in Fig. 1b. Similarly to the case of H,O, also the
spectrum of D,O at 514 nm shows three main components.
The low-wavenumber component (ca. 2400 cm™ ') can be asso-
ciated to ordered (ice-like) configurations, which experience
stronger H-bonds and more effective vibrational coupling.*"**
The intermediate component (ca. 2500 cm™*) can be associated
with more distorted configurations, in which H-bonds partially
weaken and the vibrational coupling reduces. The high-
wavenumber shoulder (ca. 2650 cm™') can be associated to
almost free OD groups (free ODs). For H,0 and D,O the intensity
distribution in the VIS Raman spectrum is significantly different.
This observation can be mainly ascribed to variations of both
intra- and inter-molecular vibrational coupling upon H/D
substitution.?® Nevertheless, as observed for H,O, the decrease
of the excitation wavelength causes a noticeable redistribution of
the band towards higher wavenumber (Fig. 1b and d), due to the
relative enhancement of the high-frequency vibrations assigned
to broken and distorted H-bonds.

Fig. 2 shows a direct comparison between the OH stretching
profiles of H,O and D,O at two excitation wavelengths, after
rescaling the wavenumber axis by the ratio of the gas-phase
antisymmetric stretching of the two species (0.742).>® Looking
at the VIS Raman spectra, it can be observed that the low
wavenumber component, mainly ascribed to more ordered
tetrahedral structures, is relatively more intense in D,O than
H,O0. Differences in vibrational features between the two spe-
cies were interpreted considering that the OH stretching modes
are more anharmonic and delocalized in H,O than in D,0.%®
As a result, vibrations in D,O are more localized, resembling
to a greater extent those of the gas phase molecules. Noticeably,
due to the larger relative increase of the component related
to distorted configurations, the profiles of D,O and H,O
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Fig. 2 Comparison between the UVRR spectra of H,O and D,O collected
using 213 and 514 nm as excitation wavelengths. For a better comparison,
the wavenumber-axis for D,O was rescaled by the ratio of gas-phase
antisymmetric stretching bands (0.742).

Phys. Chem. Chem. Phys., 2024, 26, 22023-22030 | 22025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp01320d

Open Access Article. Published on 22 July 2024. Downloaded on 4/19/2026 8:50:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

become more similar to each other with the use of UV excita-
tion (Fig. 2).

To better visualize excitation-induced band shape variations, we
attempted an internal normalization procedure. The VIS Raman
spectrum (514 nm excitation line) was taken as a reference and we
subtracted it from the corresponding UV Raman spectra, after
rescaling the spectra on the low-wavenumber tail. The rescaling
factor was set to obtain the minimum area non-negative difference
spectra (DS), as exemplified in Fig. 3. The method is formally
analogous to that used to extract the so-called solute-correlated (SC)
spectra in aqueous solutions.”**° The method here proposed is
based on the idea that with respect to the VIS Raman spectrum, the
overall intensity increases when the excitation wavelength is low-
ered. Additionally, it considers that the enhancement is relatively
greater for the weakly H-bonded components. Thus, the DS high-
light the spectral distribution that is more affected by the pre-
resonance and can be used for comparative purposes.

The resulting DS (Fig. 3) are peaked at around 3500 cm™
and 2500 cm ! for H,O and D,0, respectively, indicating that
the Raman cross-section of the OH/OD groups involved in
distorted and broken H-bonds is preferentially enhanced. For
both samples the relative enhancement (inset of Fig. 3)
increases by lowering the excitation wavelength. We remark
that, based on the proposed analysis, the relative changes are
always larger for D,O. Since the lowest energy UV absorption

1
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greater effect observed for D,O might be related to changes in
vibrational features induced by the isotopic substitution.

Taken together, the data on H,O and D,O support the idea
that the occurrence of a specific pre-resonance effect, where
weakly H-bonded OHs experience a larger intensity increase, is
a general phenomenon.

Fig. 4 compares VV and HV spectra of H,O collected with 213
and 250 nm excitation wavelengths. Here, DS were calculated by
taking the spectra obtained with 250 nm excitation as a refer-
ence. The analysis indicates that the pre-resonance only margin-
ally affects the shape of the HV (anisotropic) profile when
compared to the VV one, leading to a relatively weak normalized
DS (norm-DS). The low-frequency ice-like component is strongly
depressed in the HV profile, and the band mainly accounts for
OHs present in distorted and broken H-bond configurations. As
such, we expect the pre-resonance enhancement to be rather
constant across the HV profile, as observed.

Also the Raman spectra of ice I;, do not show any appreciable
change in their band shapes as a function of the excitation
wavelength (Fig. 5). This is expected based on the dominance of
OHs forming strong H-bonds in tetrahedral configurations, which
are not selectively enhanced by the above pre-resonance effects.

To further investigate the effect induced by UV excitation on
the OH stretching band, we extended the above-proposed
analysis to the spectra of H,O recorded at different tempera-

band of water blue-shifts moving from H,O to D,0,”'° the tures (Fig. 6). With the increase in temperature, the
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Fig. 3 Low-frequency normalized Raman spectra collected using 213, 266 and 514 nm as excitation wavelengths for H,O (a) and D,O (b).
Representative difference spectra (DS) calculated subtracting the VIS Raman spectrum (514 nm excitation line), taken as a reference, from the UV
Raman spectra, at two different excitation wavelengths (213 and 266 nm) for H,O (c) and D,O (d) (see text for details). The blue coloured area in panels (a)
and (b) represents the DS spectrum calculated for 213 nm-excited spectra. The DS have been normalized (norm-DS) by dividing for the total area of the
corresponding reference spectrum. Inset: Excitation wavelength dependence of the area of the norm-DS for H,O and D,0O.
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DS spectra have been rescaled by dividing for the total area of the corresponding reference spectrum (norm-DS).

components related to distorted and broken H-bonds gain
intensity at the expense of the low-wavenumber component
(3250 cm™"), related to tetrahedral configurations forming
unstrained H-bonds. Raman spectra recorded at different exci-
tation wavelengths and temperatures are displayed in Fig. 6a
and b, after rescaling on the low-frequency tail. Moving from
283 to 348 K, the resulting difference spectrum (Fig. 6¢) shifts
from ca. 3400 cm ™" to 3500 cm™". This is consistent with the
idea that the average H-bonding energy of the enhanced OH
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Fig. 5 Raman spectra of ice I, collected using different excitation wave-
lengths. The profiles have been normalized to the maximum intensity and
vertically shifted for a better comparison.
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sub-population further reduces at higher temperatures. Notice
that the relative enhancement (Fig. 5d) is temperature-
independent, suggesting that the Raman cross-section at a
given wavelength does not depend strongly on the redistribu-
tion occurring within distorted and broken H-bonds.

The temperature dependence of the OH profile can be
interpreted by considering distinct components (multi-
component models) or a continuous distribution of H-bonds
(continuous models). Even within the framework of a contin-
uous model, a van’t Hoff analysis based on a pseudo two-state
approximation has proven suitable to estimate the enthalpy
variation (AH) when moving from ordered (ORD) to disordered
(DIS) configurations. ORD refers to OHs in tetrahedral (ice-like)
structures, whereas DIS involves OHs forming distorted and
broken H-bonds.'*'>'” A reference frequency (vggr) of about
3350 cm ', placed between the two main spectral components
of the H,O VIS Raman spectra, was considered to define the two
sub-ensembles, using a simple integration method to quantify
the amount of ORD and DIS species."*'” Considering various
Raman profiles (i.e., VV, VV + HV, isotropic) and different
reference frequencies (vggr = 3350 + 50 cm ™ '), AH values of
1.3-1.7 keal mol ™" were derived.'*'” The resulting AH is only a
fraction of the H-bonding energy of water (5.7 kcal mol %),
evaluated from its sublimation enthalpy,”*"' and can be con-
sidered an estimate of the energy cost to modify the local
structure of liquid water, from tetrahedral to more distorted
or broken configurations.'*"”

Here, to verify the possibility of using UV Raman data to
estimate the H-bond reorganization enthalpy, we applied the same
integration method to T-dependent spectra collected for H,O and
D,O at different excitation wavelengths, as reported in Fig. 7.

Table 1 reports the resulting AH values, obtained by the
van’t Hoff treatment of the ORD/DIS ratio, evaluated consider-
ing a vggr of 3350 cm™ " and 2440 cm™' for H,O and D,O,
respectively. Similar AH values were derived for the two species
regardless of the excitation wavelengths. Specifically, values of

Phys. Chem. Chem. Phys., 2024, 26, 22023-22030 | 22027
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Table 1 AH (kcal mol™) estimated for liquid H,O and D,O by following
the procedure described in ref. 17 and using the Raman spectra collected
at different excitation wavelengths

Excitation wavelength (nm) AH (kcal mol ") H,O AH (keal mol ') D,0

200 (VV + HV profile) 1.3 £0.1 1.4 £ 0.1
213 1.5+ 0.1 —

240 1.4 +0.1 1.6 £ 0.1
266 1.6 = 0.1 1.7 £ 0.1
514 1.4 +0.1 1.8 £ 0.1
Average 14 +£01 1.6 £0.1

1.3-1.6 keal mol " were obtained for H,O (average AH = 1.4 +
0.1 kcal mol™'), while values of 1.4-1.8 kcal mol™"' were
obtained for D,O (average AH = 1.6 + 0.1 kcal mol ).

Hence, although the overall shape of the spectrum changes with
the excitation wavelength, the same thermal-induced reorganiza-
tion process can be probed. This is consistent with the previous
suggestion that the Raman cross-section at a given wavelength is
weakly temperature-dependent. Additionally, the increase of AH
going from H,O to D,O agrees with a previous estimate and with
the observation that the H-bonding energy increases upon H/D
isotopic substitution.>'®> Notably, the latent heat of melting is
1.4 keal mol * for H,O ice and 1.5 keal mol * for D,O ice.>**

Conclusions

In conclusion, we analyzed the changes in the band shape of the
OH/OD stretching Raman band of liquid water as a function of
deep UV excitation wavelength and temperature. We evidenced a
selective pre-resonance enhancement for the water molecules
forming weak/distorted H-bonds relative to those forming strong
H-bonds within ordered (ice-like) configurations. Despite
excitation-induced spectral modifications, a van’t Hoff treatment
of Raman data leads to H-bond enthalpy changes (AH) for both
H,0 and D,O that do not depend on the excitation wavelength.
The resulting AH values, 1.4 & 0.1 keal mol ' (H,0) and 1.6 +
0.1 keal mol " (D,0), relate the thermal energy associated to the
reorganization from ordered (ice-like) to disordered configura-
tions and support previous estimates."*">

Overall, these findings suggest the possibility of exploiting
the signal enhancement that occurs in the deep UV region
to investigate H-bonding properties in aqueous media. Since
the enhancement is related to the H-bonding state of water
molecules, in principle, the Raman signal arising from water
molecules specifically affected by the solute could be selectively
enhanced by using deep UV excitation.
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