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ABSTRACT: Dissolving urea into water induces special solvation properties that play a
crucial role in many biological processes. Here we probe the properties of urea molecules at
charged aqueous interfaces using heterodyne-detected vibrational sum-frequency generation
(HD-VSEG) spectroscopy. We find that at the neat water/air interface urea molecules do not
yield a significant sum-frequency generation signal. However, upon the addition of ionic
surfactants, we observe two vibrational bands at 1660 and 1590 cm™ in the HD-VSEG
spectrum, assigned to mixed bands of the C=0 stretch and NH, bend vibrations of urea. The
orientation of the urea molecules depends on the sign of the charge localized at surface and
closely follows the orientation of the neighboring water molecules. We demonstrate that urea
is an excellent probe of the local electric field at aqueous interfaces.

queous solutions of urea show many striking properties,

like the inhibition of micellar aggregation of surfactants
and the enhancement of the solubility of hydrocarbons.'™*
Furthermore, urea plays a key role in many biological
processes, of which the best known is the denaturation of
proteins.”~® Due to these remarkable properties, aqueous
solutions of urea have been the subject of many experimental
and theoretical studies over the past decades.””~"” A great deal
of these studies focused on the question to what extent the
hydrogen bond network of water gets perturbed by adding
urea molecules. The answer to this question is highly
important to understanding the denaturation process of
proteins by urea. In previous nuclear magnetic resonance
(NMR) and molecular dynamics (MD) simulations studies, it
has been proposed that urea breaks the hydrogen bond
structure of water and thereby enhances the solvation of the
hydrophobic groups of the protein.'' ™" However, the results
of recent pump—probe infrared (IR) measurements, nuclear
magnetic resonance (NMR), and terahertz (THz) absorption
spectroscopy studies contradict such a hypothesis by showing
that urea has no significant effect on the hydrogen bond
network of water.”'*'> These latter studies indicate that the
protein denaturation is driven by a direct mechanism in which
the urea molecules interact with the amide groups of the
backbone of the protein.* Up to now, primarily the properties
of urea in the bulk of aqueous solutions have been studied, and
little work has been done addressing the properties of urea at
aqueous surfaces. Recently surface tension measurements
supported by MD-simulations showed that the surface tension
increases proportionally with the urea concentration.'®™’
Previous vibrational sum-frequency generation (VSFG) spec-
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troscopy studies of solutions containing a-lactalbumin and
urea showed that the orientation of the amide groups of the
protein at the surface is independent from that of the urea
molecules. This observation suggests that there are no strong
direct interactions between the amide groups of the protein
and the urea molecules, and points at an indirect denaturation
process of the protein.”** In this work, we perform
heterodyne-detected VSFG (HD-VSFG) measurements to
investigate the molecular response of urea molecules at
charged aqueous interfaces, by measuring the effect of the
surface charge on the vibrational response of urea. Our results
demonstrate that urea orients within the hydrogen-bonded
network of water and that its absolute orientation is dependent
on the sign of the charged surface.

In Figure 1, we present the experimental Im[y®] spectra of
neat water (dark blue) and aqueous urea solutions with a
concentration of 1 M (dark cyan) and 6 M (dark magenta) in
the frequency region of 1550—1750 cm™". For pure water, we
observe a symmetric positive peak centered at 1656 cm™ that
we assign to the water bending mode. The observed spectrum
of the neat water surface agrees well with the results of
previous HD-VSFG studies.””** The Im[y'¥] spectra of the
aqueous urea solutions with concentrations of 1 and 6 M both
show a symmetric peak at 1656 cm™, identical with what is
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Figure 1. Im[y®] spectra of the neat water surface (dark blue) and
aqueous urea solutions with a concentration of 1 M (dark cyan) and 6
M (dark magenta) within the frequency region of 1550—1750 cm™".

observed for the neat water surface, and that we assign to the
water bending mode. This observation suggests that even at a
high urea concentration of 6 M no characteristic vibrational
modes of urea are observed. This implies that urea is either not
located in the vicinity of the surface and/or does not show a
net orientation near an uncharged water surface. This
observation is consistent with the results of VSFG experiments
in 2tlhe OH and NH stretch vibrational region by Stratzdaite et
al.

Figure 2a shows the Im[y?] spectrum of an aqueous
sodium dodecyl sulfate (SDS) solution (dotted magenta) with
a concentration of 2 mM and the Im[y®] spectrum of the
same solution of SDS with 1 M of urea added (solid dark
magenta). We used a concentration of 2 mM of SDS. With this
concentration, the expected phase distortion effects are
expected to be negligible in the HD-VSFG spectra, as the
electrical double layer (EDL) has a thickness <10 nm for ionic
strengths >1 mM.”°"*® To verify this notion, we modeled the
expected phase distortion using the Poisson—Boltzmann
equation for a solution with an ionic strength of 2 mM. We
find the phase change to be less than 10 degrees (see Figure
S1), which means that this change is within the experimental
phase uncertainty. The Im[y®] spectrum of an aqueous 2 mM
SDS solution shows a negative and a positive peak centered at
1626 and 1656 cm™', which we assign to the dipolar and
quadrupolar response of the water bending mode, respec-
tively.”> The negative sign of the dipolar contribution implies
that the water molecules have a net orientation with their
hydrogen atoms toward the surface, as a result of the negative
charge of the surface imposed by the SDS surfactants.”> In
Figure 2c, we present the Im[)((z)] spectrum of an aqueous
dodecyltrimethylammonium bromide (DTAB) solution (dot-
ted cyan) with a concentration of 2 mM and the Im[y®]
spectrum of the same solution of DTAB containing 1 M of
urea (solid dark cyan). The Im[y'¥] of DTAB shows a single
positive peak centered at 1640 cm™" that in comparison to the
band observed in the Im[y¥] spectrum of neat water shown in
Figure 1 is enhanced, broadened, and shifted ~10 wave-
numbers to lower frequencies. This broad band can be
separated in two frequency components, centered at 1626 and
1656 cm™, and assigned to the dipolar and quadrupolar
responses of the water bending mode, respectively.”> In the
case of the DTAB solution, the dipolar contribution has a
positive Im[)((z)] response, indicating a net orientation of the
water molecules with their hydrogen atoms toward the bulk, as
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Figure 2. Im[y®] spectra of aqueous solutions of different surfactants
and different concentrations of urea. (a) Im[y¥] spectra of a solution
with 2 mM SDS (dotted magenta), and of a solution with 2 mM SDS
and 1 M urea (solid dark magenta). (b) Im[y] spectra of aqueous
solutions containing 1 M urea and either 2 mM SDS or 2 mM DTAB,
after subtraction of the response of the water bending mode. (c)
Im[y®] spectra of a solution with 2 mM DTAB (dotted cyan) and of
a solution with 2 mM DTAB and 1 M of urea (solid dark cyan).

a result of the positive charge at the surface created by the
positively charged DTAB surfactants.

The presence of 1 M urea leads to a significant change of the
Im[y?] spectra of the aqueous solutions of SDS and DTAB,
as shown in parts a and c of Figure 2. The resulting spectra
(solid dark ma%enta and solid dark cyan) look very different
from the Im[y®] of the aqueous solutions containing only
SDS (dotted magenta) and only DTAB (dotted cyan). In
Figure 2b, we have subtracted the Im[y®] response of the
water bending mode from that of the solution containing 2
mM SDS and 1 M urea and from that of the solution
containing 2 mM DTAB and 1 M urea. The difference spectra
show two distinct vibrational bands centered at 1590 and 1660
cm™' that we assign to mixed bands of the C=0 stretch and
NH, bend vibrations of the urea molecule. The mode at 1590
cm™! is dominated by the NH, bending vibrations, while the
band centered at 1660 cm™" is dominated by the C=0 stretch
vibration.””*° The band centered at 1660 cm™ has a higher
absolute amplitude than the peak at 1590 cm™, which can be
explained by the larger transition dipole moment of the C=0
stretch vibration. To confirm the above assignment of the
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Figure 3. Im[)((z)] spectra of aqueous solutions containing different concentrations of urea, ranging from 1 to 6 M, and (a) 2 mM SDS and (b) 2
mM DTAB. For all measurements the signature of the water bending mode is subtracted from the Im[y¥] spectrum. Parts ¢ and d show the
absolute amplitude of the bands centered at 1660 and 1590 cm™" extracted from the fitting procedure as a function of the concentration of urea for
(c) a solution containing 2 mM SDS and (d) a solution containing 2 mM DTAB. The dotted lines are guides to the eye.

vibrational modes of urea, we also performed measurements
with deuterated urea dissolved in D,O. In deuterated urea, the
NH, groups of urea are exchanged by ND, groups, leading to a
significant redshift of the frequency of the bending vibration of
these groups and a decoupling from the C=O stretch
vibration. Additionally, the bending vibration of D,O is shifted
to lower frequencies with respect to the bending mode of H,O.
For this system, we observe only a band at 1600 cm™" that can
be assigned to the nearly pure C=0 stretching mode of the
deuterated urea molecule (see Figure S2), thus confirming the
assignment of the 1590 and 1660 cm™" to bands of mixed C=
O stretch and NH, bending vibration character.””*"
Interestingly, the signs of the 1590 and 1660 cm™" bands in
the Im[y¥] spectra of Figure 2b are governed by the sign of
the charge at the surface. For a solution with 2 mM SDS and 1
M urea, the two vibrational modes have a positive sign, which
implies that the urea molecules near the surface orient with
their NH, groups toward the negatively charged surface.’” For
an aqueous solution with 2 mM DTAB and 1 M urea the two
bands are negative, indicating that the urea molecules are
pointing with their C=0 group toward the positively charged
surface. The strong dependence of the sign of the vibrational
bands of urea on the nature of the surface charge and the lack
of any signal from urea for a neutral aqueous surface show that
the HD-VSFG response of urea results from an induced
orientation of the urea molecules within the electric double
layer (EDL) near the surface. Therefore, this response can be

described as an electric field induced )(L(]fe)a effect, similar to the
#® effect that has been observed previously for water

. 33—
molecules at charged interfaces. 3

10825

() (3) (3)
Eysra ™ Xi.0,qa V1,0 T (0,019 NH,0 F X dipNarea)
(1)

Here Eyggg is the VSFG response and 2? is the second-
order nonlinear susceptibility. Epc,s represents the static
electric field within the EDL, and Ny o and N, represent the

EDC,surf

o . ®3)
number densities of water and urea, respectively. X1,0,dip and
)(‘fil ap re the responses resulting from the electric field-

induced orientation of water and urea molecules within the
EDL. We find no indication for the presence of a quadrupolar
7? contribution of urea molecules, suggesting that this
contribution is negligible.

To study the properties of urea near aqueous surfaces in
more detail, we measured the dependence of the spectra on the
urea concentration. In Figure 3, we present the Im[y¥] of
aqueous (a) SDS and (b) DTAB solutions for different
concentrations of urea in a range from 1 to 6 M. The
concentration of SDS and DTAB are kept constant at 2 mM.
For all measurement results shown in Figure 3, the response of
the water bending mode has been subtracted. For both the
SDS and the DTAB solutions, we observe that the absolute
amplitudes of the bands at 1660 and 1590 cm™ increase with
increasing urea concentration. This increase reflects an
increased amount of oriented urea molecules. To study the
concentration dependence of the amplitudes quantitatively, we
decompose the responses measured at different concentrations
of urea in two Lorentzian bands centered at 1660 and 1590
cm™L In this decomposition routine, we keep the central
frequency and the width of the bands constant and we only
allow the amplitude to vary with urea concentration. The
resulting fits are shown in parts a and b of Figure 3 with dashed
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Figure 4. (a) Im[y®] spectra of the 2 mM aqueous SDS solutions with 1 M of urea (dark magenta) and an additional 0.5 M NaCl added to the
solution (magenta). (b) Im[] spectra of the 2 mM aqueous DTAB solutions with 1 M of urea (darkcyan) and an additional 0.5 M NaCl added

to the solution (cyan).

lines. The fit results are shown in detail in the Supporting
Information (Figures S3 and S4).

Parts ¢ and d of Figure 3 show the amplitudes of the two
vibrational modes extracted from the fitting procedure as a
function of the urea concentration. For both SDS and DTAB,
the amplitude of the 1660 and 1590 cm™" modes first increases
proportional to the urea concentration and then shows clear
saturation, starting at a urea concentration of ~4 M. This
saturation behavior can be explained from the dipole—dipole
interactions between urea molecules close to the surface. With
increasing urea concentration, the electric field experienced by
a urea molecule will become increasingly screened by
neighboring urea dipoles, thus leading to a decrease of the
degree of orientation of all urea molecules.

In Figure 4, we study the effect of adding 0.5 M NaCl to a
solution of 1 M urea and 2 mM SDS (a) and a solution of 1 M
urea and of 2 mM DTAB (b). The spectra shown here are
difference spectra of the spectra measured for solutions with
and without 1 M of urea, keeping the concentrations of SDS/
DTAB and NaClother components of the solution the same, in
order to remove the response from the water bending mode.
For SDS and DTAB solutions, the response of the water
bending mode is strongly affected by adding NaCL>® We
observe that, after adding NaCl to the solution, the amplitudes
of the vibrational modes of urea substantially decrease. This
decrease indicates that the net orientation of the urea
molecules strongly decrease upon the addition of Na* and
CI” ions. Previous studies of the responses of the OH stretch
band of water and the dipolar contribution of the bending
mode of water near charged surfaces showed a similar decrease
in intensity upon the addition of sodium chloride.*****” This
decrease has been explained from the screening of the electric
field in the EDL by the added ions, leading to a decrease of the
degree of orientation of the water molecules.””*® The observed
decrease in the amplitudes of the vibrational bands of urea
indicates that a similar effect occurs for urea, i.e., screening of
the electric field of the surfactant molecules leads to a decrease
of the net orientation of the urea molecules near the surface.
The observed decrease in the signal of urea is similar to the
one observed for the dipolar response of the bending mode of
water.”> This observation indicates that the orientation of urea
and water molecules in a local electric field are highly
correlated, which indicates that urea and water form a
collective hydrogen bond network. Application of an electric

10826

field induces a net orientation of this collective hydrogen bond
network, thus leading to a similar orientational effect on the
responses of the urea and water molecules forming the
network.

To conclude, we performed heterodyne-detected vibrational
sum frequency generation (HD-VSFG) measurements on
aqueous urea solutions and of aqueous urea solutions with
ionic surfactants. We find that the HD-VSEG spectra of
solutions only containing urea do not show characteristic
vibrational signatures of urea, showing that urea has no distinct
orientation in the region near a neutral aqueous surface.
Charging the surface with ionic surfactants leads to the
observation of a high-frequency (1660 cm™') and a low-
frequency (1590 cm™) band that can be assigned to urea
vibrations of mixed C=0 stretch and NH, bending character.

The signs and amplitudes of the vibrational bands of urea
strongly depend on the sign and amplitude of the surface
electric field, which implies that the response of urea is a field-

induced )(L(iza effect, similar to the y® effect observed for the

OH stretch vibration of water and the dipolar contribution of
the bending vibration of water at charged aqueous surfaces.

®3)

The y;./, effect is observed to saturate at a urea concentration

of ~4 M, probably due to screening of the surface field by the
urea molecules. We thus conclude that urea molecules
constitute an excellent probe of the interfacial electric field.

Finally, we find that the response of the urea molecules is
strongly reduced when the surface electric field is screened by
adding NaCl to the solution, similar to the effect observed for
the OH stretch vibration of water and the dipolar response of
the bending vibration of water. This observation shows that the
orientations of urea and water molecules in a local electric field
are highly correlated, which indicates that urea and water form
a collective hydrogen bond network.

For the HD-VSFG measurements we use an amplified
Ti:sapphire laser system (1 kHz, 35 fs, 6.5 m]/pulse, Coherent
"Duo Legend USP”) to generate a narrow 800 nm beam and a
tune-able, broadband mid-infrared beam. The two beams are
spatially and temporally overlapped at the surface of a gold
mirror to generate light at the sum-frequency that serves as a
local oscillator (LO-SFG). Before the 800 nm beam (s-
polarized), the IR beam (p-polarized), and the LO-SFG signal
(s-polarized) are focused on the sample surface, the LO-SFG
signal is passed through a silica plate to delay it in time (~1.6
ps) with respect to the other beams. The 800 nm and IR beam

https://doi.org/10.1021/acs.jpclett.1c03012
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are generating a VSFG signal at the sample surface. Both the
VSEG signal of the sample and the LO-SFG signal are detected
with a thermoelectrically cooled charged-coupled device
(CCD, Princeton Instruments). From the interference
spectrum of the two SFG signals the real (Re) and the
imaginary (Im) #® spectra can be extracted, providing direct
information on the orientation of the vibrational transition
dipole moments at the surface, and thus on the absolute
orientation of the molecules at the surface.’” Additionally, we
perform reference experiments with a z-cut quartz crystal. In
order to obtain high-quality data within the 1500—1750 cm™
frequency region, we take two independent measurements of z-
cut quartz with a different orientation of 180 degrees. Thereby
we change the phase of our reference measurement exactly by
180 degrees. Upon addition of these two quartz spectra, the
interference induced by the SFG signal of the local oscillator
and the quartz is removed. The remaining modulation
represents the structural noise on the CCD camera induced
by an etaloning effect, can now be used as a scaling factor to
remove the effect of this modulation from the data. A more
detailed explanation of this procedure can be found else-
where.” For all measurements, we used water from a Millipore
Nanopure system (18.2 MQ cm, “Simplicity”). Urea, DTAB
(dodecyltrimethylammonium bromide), and SDS (sodium
dodecyl sulfate) were purchased from Sigma-Aldrich and are
used without further purification.
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