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We report a joined experimental and computational study of Raman and Resonance Raman spec-
tra of amides in aqueous solution. By employing state-of-the-art QM/MM methods combined with
synchrotron-based UV Resonance Raman spectroscopy, we propose a protocol to interpret and reli-
ably predict Resonance Raman spectra for amide systems in water, which are prototypical system for
the peptide bond. We demonstrate that the main experimental spectral features can be correctly re-
produced by simultaneously taking into account the dynamical aspects of the solvation phenomenon,

specific solute-solvent hydrogen bond interactions and mutual solute-solvent polarization effects.

1. Introduction

Resonance Raman (RR) spectroscopy is a powerful tool
to unveil structural and electronic properties of systems un-
der different conditions. Much molecular information can
be obtained from RR measurements, therefore numerous ap-
plications encompassing fields like analytical, physical and
biophysical chemistry have been proposed.[1-4] Among the
most experimentally studied systems using RR spectroscopy,
are proteins[5-8], peptides[9—11], model peptides[12—19],
aminoacids[20-22], (DNA) nucleobases[23—-27] and a vari-
ety of inorganic compounds.[28, 29]

RR is a mixed electronic and vibrational spectroscopy,
because it probes a system’s vibrational degrees of freedom
by employing an electromagnetic impulse which is in reso-
nance with an electronic transition. Therefore, the approach
combines the advantages of both types of techniques, i.e. the
spectra can be directly connected to the vibrational degrees
of freedom and thus structural aspects, while the ability to
tune the spectra to a specific electronic transition can focus
the signal on a single chromophore/portion of the system.
Also, the ability to vary the wavelength of the probing laser
permits to investigate the effect of the electronic transition
upon the spectrum, enriching the description. Therefore, RR
and especially UVRR, that provides selectivity and sensitiv-
ity through enhancement of particular vibrations associated
to specific chromophores, has a very large potential.[30-33]
However its full exploitation is hindered by the need for spe-
cial experimental setups which are not as readily available as
in the case of more common techniques. At the molecular
level, through the resonance enhancement some selectivity
is reached because the vibrational modes observed are only
those whose motions couple to the electronic density change
taking place in the electronic transition.[34, 35]
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Evidently, the full exploitation of UVRR spectroscopy
to selectively analyze vibrations in the system is contingent
upon the experimental need of sources with appropriate char-
acteristics of intensity, tunability and wavelength range ex-
tension. This is particularly critical in the case of deep ul-
traviolet (DUV) range of excitation (between about 150-300
nm), where lasers, which are widely used for visible Raman
spectroscopy,[8, 36] suffer of some important limitations.
The use of synchrotron radiation (SR) as source for UVRR
experiments[37] appears to be an excellent choice because it
offers advantages with respect to conventional laser sources.
For instance, the possibility of extending the UV domain
of excitation above 7 eV that would provide the chance to
cover the whole range of outer electronic transitions in mat-
ter. In most laser-based UVRR studies, only a few discrete
excitation wavelengths are used. The continuously tunabil-
ity of SR enables a finely mapping of the whole resonance
landscape of the sample in order to achieve a fine match-
ing between the exciting radiation energy and the resonance
conditions of specific chromophores. This allows to per-
form, for examples, accurate UVRR measurements not bi-
ased by self-absorption effects and/or to detect also the pre-
resonance Raman scattered signal. Recently, the frontiers of
UVRR spectroscopy were investigated by using synchrotron
radiation, especially for the case study of investigation of
peptides dissolved in their natural environment, i.e. aque-
ous solutions.[18]

Due to the complexity of information that is hidden be-
hind RR spectral patterns (especially for aqueous systems),
their interpretation benefits from the coupling with reliable
theoretical simulations. Such calculations are generally doable
forisolated systems, or systems in solution described by means
of the Polarizable Continuum Model (PCM).[38-41] How-
ever, in general, substantial variations of the positions and
relative intensities of the bands are observed after compari-
son with experimental spectra,[38, 40, 42] due to lack of any
description of hydrogen bonding (HB) interactions. To get
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Figure 1: Structure of amides studied in this work. For NMA both cis and trans conformers are depicted.

over this limitation, researchers commonly resort to the so-

ferentiating the dynamic electric polarizability with respect

called “cluster” methodologies, where explicit solvent molecules to the normal mode displacements, calculated for a pertur-

are included surrounding the potential hydrogen bond sites
on the solute; and the entire system is then treated with Quan-
tum Mechanical (QM) descriptions.[43, 44] Nevertheless,
this procedure has its own weakness and not in all cases cap-
tures missing features.

As an alternative, a widespread practice is to split the en-

tire system in layers to be treated at different model chemistries,

with the part responsible of the property examined at the QM
level and the rest computed at a much less expensive level of
approximation, such as Molecular Mechanics (MM).[45, 46]

For the most part, QM/MM calculations of Raman spec-
tra are oriented to the off-resonance (spontaneous) regime[46],
whereas a few QM/MM applications to Resonance Raman
spectra are available in literature.[47, 48] It is important to
note that an atomistic description of the solvation shell only
affects the spectroscopic properties of the solute directly, if it
is polarizable, and is therefore able to dynamically respond
to the probing electromagnetic field.[49] Therefore, in or-
der to properly describe the physico-chemical nature of the
solute-solvent interaction and how it affects the final spec-
trum, we resort to a polarizable QM/MM method based on
fluctuating charges (FQ) known as QM/FQ,[50, 51] which
has become a powerful tool to model a large variety of spec-
tral signals of aqueous solutions.[49]

The aim of this work is to offer a detailed view of the
effect of the solvation description on the simulation of Reso-
nance Raman spectra of model peptides, by combining state-
of-the-art theoretical techniques with an experimental setup
based on SR radiation that allows us to fully exploit the po-
tential of this technique. To this end, we extend QM/FQ for
the first time to model RR, and we challenge it to reproduce
experimental UVRR spectra of aqueous Acetamide (ACA),
N-methyl acetamide (NMA), N,N-dimethyl acetamide (DMA)
(see Figure 1). Such systems were not chosen by chance,
rather they serve as models for the extensively documented
peptide bond[30].

2. Methodology
2.1. QM/FQ approach to RR spectroscopy

The spontaneous Raman scattering cross-section is usu-
ally calculated at the DFT level using response theory by dif-

bation with angular frequency @ corresponding to the one of
the light source (e.g. a laser or synchrotron light). Given the
vibrational transition polarizability &' corresponding to an
excitation of the i-th normal mode, then the cross-section o;
can be expressed in terms of the Raman rotational invariants:
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The harmonic approximation is usually invoked to de-
scribe the molecule’s potential energy surface, and in the
non-resonant regime the vibrational transition polarizability
is expanded in a Taylor series to first order, and only the first
derivative term is usually retained which is calculated either
numerically or analytically. This method assumes that the
imaginary part of the polarizability is negligible, which is
true when the incident radiation is far-from-resonance, how-
ever in the resonant case the full sum-over-state expression
must be considered
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where the summation runs over all vibronic states belong-
ing to the potential energy surface of the resonant electronic
state, while y is the excited state’s phenomenological damp-
ing constant. This is the method used in this work to calcu-
late the RR cross section, as detailed in Ref. 38. In partic-
ular, we employ the Vertical-Gradient, Franck-Condon ap-
proximation, where the vibrational frequencies and normal
modes of the excited state are assumed to be the same as the
ground state, and the transition dipole moments are consid-
ered to be independent of the molecular geometry.[38] The
method employed to calculate the RR spectrum is consid-
erably more involved compared to the one for spontaneous
Raman, however it should be emphasized that attempting to
simulate the Raman spectrum using the same methodology
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employed in the non-resonant case by simply altering the in-
cident frequency so that it is close to that of the electronic
transition would lead to completely erroneous results, unless
a method that explicitly includes the imaginary part of po-
larizability is used.[52]

The method employed in this work is also known as time-
independent[38, 40] (TI) method, though an equivalent time-
dependent[42, 53, 54] (TD) formulation has also been de-
scribed. Calculations of vibrational Resonance Raman spec-
tra of isolated and solvated molecules have been performed
by resorting to these frameworks, combining different strate-
gies for the description of the excited states,[24, 25, 31, 48,
55-58] though none have used a polarizable QM/MM model
to include solvent effects in all terms within equation 4, to
the best of our knowledge. The presence of the solvent must
be carefully considered and included in all steps of the sim-
ulation.

In this paper, solvent effects are described by means of
the FQ force field, in which each atom of the classical layer
is endowed with a charge, whose value is not fixed, but is al-
lowed to vary as a response to the electric potential produced
by the QM density.[49] In recent years, the QM/FQ method
has been extended to the calculation of analytical energy
third derivatives, which allow for the calculation of spon-
taneous Raman spectra,[59] excitation energies,[60] and ex-
cited state gradients.[61] In equation 4 all terms include sol-
vation effects evaluated at the QM/FQ level of theory: the
ground state geometry of the molecule is first optimized in
the presence of the solvent shell, then the electronic density
and harmonic potential energy surface are modelled by tak-
ing the reaction field due to the water molecules into account.
The contribution due to the water molecules also enters the
response equations that are solved to calculate excitation en-
ergies and to model the excited state potential energy sur-
face. Therefore, in order to properly simulate the RR spec-
trum of a system in solution, one requires a solvation method
with the flexibility to model a wide array of molecular prop-
erties, involving both electronic and vibrational degrees of
freedom, as well as excited states. In the last few years, the
QM/FQ method has indeed been extended to the treatment
of a vast set of spectroscopies, allowing us to finally tackle
RR, which can be regarded as one of the most complex due
to the interplay of all these features.[49-51]

3. Experimental procedure

and placed into optical quartz cells for the Raman scattering
measurements.

Out of Resonance Raman spectra were collected on the
solutions of ACA, NMA and DMA by means of a micro-
Raman setup (Horiba-JobinYvon, LabRam Aramis) in backscat-
tering geometry and using the exciting radiation at 632.8 nm
provided by a He-Ne laser. The resolution was set at about
1.2 cm~!/pixel.

UV Resonance Raman (UVRR) measurements were col-
lected at the BL10.2-IUVS beamline of Elettra-Sincrotrone
Trieste (Italy)[37] using 210, 226 and 266 nm as excitation
wavelengths. The exciting wavelength was set by adjusting
the gap parameters of the undulator and by using a Czerny-
Turner monochromator (Acton SP2750, Princeton Instruments)
equipped with 1800 and 3600 grooves/mm gratings to monochro-
matize the incoming SR. The final radiation power on the
samples was kept about 10-15 ¢W. The Raman scattered ra-
diation was collected in back-scattered geometry and ana-
lyzed by using a single pass of a Czerny-Turner spectrometer
(Trivista 557, Princeton Instruments). Depending on the ex-
citation wavelength, the resolution was set between 1.8 and
2.8 cm~!/pixel, in order to ensure enough resolving power
and count-rate of the spectra. The calibration of the spec-
trometer was standardized using cyclohexane (spectroscopic
grade, Sigma Aldrich). Any possible photo-damage effect
due to a prolonged exposure of the samples to UV radiation
was avoided by continuously spinning the sample cell during
the measurements. The comparison between the individual
spectra acquired for each sample evidences that no gradual
changes to the spectra with respect to accumulation number
were observed, confirming that any sample photodegrada-
tion due to UV exposure is not occurred in the experiments.

4. Computational details

All QM calculations were carried out at the B3LYP/aug-
cc-pVDZ level of theory, using a locally modified version
of the GAUSSIAN16 suite of programs.[62] Equilibrium ge-
ometries and ten vertical excitation energies of the three amides
in water were obtained by using PCM to treat environmen-
tal effects.[41] For the three amides, CMS5 point charges[63]
were also calculated with the aim of using them in the Molec-
ular Dynamics (MD) simulations.

Classical MDs were performed by using GROMACS 5.0.5
[64]. A single amide molecule (the most populated PCM
conformer in the case of NMA (see Figure S1 in the Sup-

Acetamide, N-methylacetamide and N,N-dimethyl acetamideplementary Material - SM) was inserted in a cubic box with

were purchased by Sigma Aldrich and D.B.A. Italia and used
without further purification. The aqueous solutions of the
three molecules were prepared by dissolving ACA, NMA
and DMA in high-purity water, deionized through a MilliQTM
water system (>18 M cm resistivity), in order to obtain the
desired molar fractions x (where x is defined as mole of so-
lute/total number of moles of the solution) ranging from 0.2
to 0.01. It has been accurately checked that, at these values
of concentration, the solutes are totally dissolved and the so-
lutions appear limpid. All the samples were freshly prepared

an edge of 4.52 nm and solvated with around 3000 water
molecules. In order to recover the correct directionality of
solute-solvent hydrogen bonds, dummy atoms[65, 66] (vir-
tual sites) were placed on the oxygen atom of the carbonyl
group in each case,[65-69] specifically at the centroid po-
sitions, determined by the Boys localization procedure.[70]
Bonding and non-bonding interactions were modeled accord-
ing to the General Amber Force Field (GAFF).[71] After
minimizing the energy of the solvated systems, a short (500
ps) simulation was performed at 298.15 K for thermalization
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purposes by adopting the canonical ensemble (NVT) with
a velocity-rescale thermostat, and periodic boundary con-
ditions applied in all directions. Production runs were per-
formed in the isothermal—isobaric ensemble (NPT) by using
the velocity-rescale method[72] with a coupling constant of
0.1 ps and a Berendsen barostat with time constant of 1.0 ps,
saving coordinates every 10 ps. The total time of the sim-
ulation was set to 30 ns, with a time step of 2 fs. The MD
trajectories were analyzed with the TRAVIS package.[73]

From the last 10 ns of the MD runs, 200 uncorrelated
snapshots were extracted to be used in QM/FQ calculations,
and for each of them, a sphere-shape of radius 15 A centered
on the solute molecule was cut. For each snapshot, the so-
lute geometry was optimized at the QM/FQ level by keeping
fixed the solvent molecules, by using the Berny algorithm.[74]
On the optimized geometries, frequencies, excitation ener-
gies and excited state gradients were calculated as well. In
all QM/FQ calculations, the FQ parametrization proposed
in Ref. 75 was exploited. Note that the selected number of
snapshots is sufficient to reach the convergence of the calcu-
lated spectrum (see Fig. S2 in the SM).

QM/PCM and QM/FQ spontaneous Raman spectra were
computed in the dynamic regime by setting the incident fre-
quency (wq) to match the experimental value of 633 nm, us-
ing analytical response theory as implemented for QM/FQ.[59]
UVRR spectra were computed using a time-independent sum-
over-state methodology.[38] In particular, we employed the
Vertical Gradient Franck-Condon (VG|FC) approximation
for the modeling of the excited-state Potential Energy Sur-
face (PES) and transition dipole moments, by considering
ten excited states (see also Fig. S3 in the SM). RR spectra
were computed using an array of incident frequencies, pro-
ducing Raman excitation profiles for all bands. Final QM/FQ
UV/Vis and Raman, both spontaneous and RR, spectra were
obtained by averaging the spectra from all the snapshots.
For absorption spectra, Gaussian functions and a full width
at half maximum (FWHM) of 0.65 eV were chosen, while
spontaneous and RR sticks were convoluted with Lorentzian
profiles and FWHM values of 8 and 20 cm™!, respectively.

5. Results

Spectral features are often rationalized in terms of chro-
mophores and functional groups. From this point of view the
three amides considered in this work may appear very sim-
ilar, however they present important structural and chemi-
cal differences that affect their intrinsic properties as well
as their interaction with the aqueous environment. All three
share the amide functional group characterizing their chem-
istry and can act as hydrogen bond acceptor through the non-
bonding electron pairs of the carbonyl group (see Fig. 1).
However they differ in the number of hydrogen atoms bonded
to the amide nitrogen (those to be potentially donated to the
water molecules), which changes the way they interact with
the solvent, and this may strongly affect the resulting spec-
trum. In addition, NMA differs from the other two amides
by virtue of cis/trans conformational freedom connected to

the rotation of the NC bond, combined with the presence
of two different moieties bonded to the nitrogen (see Fig.
1 and S1 in the SM). In this section, we first discuss the
results obtained for trans NMA (i.e. the most stable con-
former), followed by the other two systems. All spectral fea-
tures are commented in terms of hydration patterns, as ob-
tained from MD simulations. Notice that, because NMA is
the simplest molecular model of the peptide linkage in pro-
teins, it has motivated many experimental and theoretical
studies[16, 76] with particular emphasis on solvent effects
on RR spectra.[14, 43, 44, 77]

5.1. NMA
5.1.1. Spontaneous Raman spectra

Computed QM/PCM and QM/FQ spontaneous Raman
spectra are shown in Figure 2(a) along with our own experi-
mental Raman measurements. In Fig. 2(a), top panel, almost
all QM/PCM bands for aqueous NMA are slightly narrower
than QM/FQ (middle panel). This is due to the dispersion in
the vibrational energies within the set of extracted snapshots
(see Fig. S4 in the SM for QM/FQ raw data), and is a feature
that is missing in a static model such as QM/PCM, which
is based on calculations performed on a single minimum-
energy structure.

The most relevant vibrational modes in the experimental
NMA Raman spectra are amide I (1626-1646 cm™!), amide
II (1566-1584 cm™!) and amide III (1313 cm™!),[16, 17]
which are all correctly reproduced by QM/FQ, which im-
proves the description provided by QM/PCM, particularly
in the regions where the strong amide bands are located (see
Section S1.4 in the SM for a graphical depiction of the nor-
mal modes).

5.1.2. UV Resonance Raman spectra

UVRR spectra of aqueous NMA were measured by us-
ing 210, 226, and 266 nm as excitation wavelengths (@),
though the 266 nm-excited spectrum should be considered as
pre-resonant because the probing wavelength is far from the
maximum of the absorption spectrum (see Sec. S1.5 in the
SM). The experimental UVRR spectrum collected by setting
@y =226 nm is graphically depicted in Fig. 2(b) (see Fig. S7
in the SM for UVRR spectra measured at different excitation
wavelengths).

The value for the incident frequency to be exploited in
both QM/PCM and QM/FQ calculations must perfectly re-
produce the experimental conditions in order to preserve the
resonance enhancement. Selecting the same w,, used for
experimental measurements, would introduce systematic er-
rors into the calculation because any electronic structure method
carries some error in the description of electronic excited
states which, within the frame of response theory, are ob-
tained from the poles of the system’s response function. There-
fore, we follow the method described in 38, suitably adapted
to QM/FQ calculations. In essence, we select a frequency
that is at the same energy gap to the simulated absorption
maximum as that observed experimentally (see Tab. S1 in
the SM). QM/PCM and QM/FQ UVRR spectra are reported
in Fig. 2(b).
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Figure 2: Raman spectra of NMA calculated with different solvent descriptions and compared to experimental spectra measured
in aqueous solution at room temperature. (a) Spontaneous (Far From Resonance) Raman spectra simulated and measured using
633 nm as excitation wavelength. FWHM: 8 cm~!. (b) UV Resonance Raman spectra. In the UVRR experiments, the external
excitation wavelengths have been set to 226 nm. x=0.09 is the NMA molar fraction in water. RR intensities were calculated
with a damping factor of 200 cm~! and broadened using Lorentzian functions with FWHM = 20 cm~!. The RR band at around
800 cm~! is a spurious signal arising from the quartz cuvette.
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Figure 3: (a) Calculated QM/FQ Resonance Raman Excitation Profiles (RREP) of NMA in aqueous solution. (b) Excitation
wavelength dependence of the Amide |, 11, 11l and the 1380 cm~! CCH, symmetric bend (sb) band intensity, and of Amide |/Amide

Il and the Amide 111/Amide Il band Raman cross-section ratios. RR intensities (in cm?mol~'sr™!) were calculated with a damping

factor of 200 cm™! and broadened using Lorentzian functions with FWHM = 20 cm™!.

Comparing experimental UVRR and spontaneous Ra- QM/FQ, which is for instance able to correctly predict smaller
man spectra in Fig. 2, different patterns can be highlighted: Amide I:Amide II intensity ratio when moving from off-
(i) a weaker or absent Amide I (C=0) stretching vibration resonant to resonant regime. Moreover, the atomistic ap-
(1626-1646 cm™'), (ii) an enhancement of the signal involv- proach outperforms QM/PCM in the description of most ex-
ing C-N stretching, which is characteristic of Amide II (1566-  perimental bands. In fact, Amide I band is predicted as the
1584 cm™!), as well as the CH; umbrella bending (1380 strongest band in QM/PCM UVRR spectrum, and also, an
cm™b), (iif) an enhancement of the Amide III band (1313 overestimated enhancement for the methyl modes (peak er-
cm™!), gaining intensity relative to Amide 1. [14, 16, 44, roneously emerging at 1440 cm™!) is observed. The discrep-
76, 78] Such spectral features are perfectly reproduced by ancies between the QM/PCM and the experiment, together
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Figure 4: Raman spectra of Acetamide calculated with different solvent descriptions (top, QM/PCM and middle, QM/FQ) and
compared to the experimental spectra (bottom) measured in aqueous solution at room temperature. (a) Spontaneous (Far From
Resonance) Raman spectra simulated and measured using 633 nm as excitation wavelength. FWHM: 8 cm~!. (b) UV Resonance
Raman spectra. In the UVRR experiments, the external excitation wavelengths have been set to 226 nm. x=0.09 stands for
the Acetamide molar fraction in water. RR intensities were calculated with a damping factor of 200 cm™' and broadened using

Lorentzian functions with FWHM = 20 cm~!.
cuvette.

with the almost perfect agreement provided by QM/FQ, clearly
demonstrate the importance of specific solute-solvent inter-
actions, appropriately coupled to a physically consistent treat-
ment of polarization effects.

An aforementioned feature of the synchrotron-based UVRR

setup is the ability to tune the excitation wavelength to ob-
tain RR excitation profiles (RREP) for every band. In Fig.
3(b), computed QM/FQ RREP for NMA in aqueous solu-
tion are reported as 3D graphs where the Raman intensity is
plotted as a function of both the incident wavelength (150
nm< @, < 250 nm) and the Raman shifts. Sections of the
3D plots are shown in Figure 3(b), where we keep track of
the enhanced Amide I, IT and IIT peaks as well as the peak at
1380 cm™! (CCHj; symmetric bend - sb), which have been
previously described. As expected, Figure 3 reveals that all
the analyzed band excitation profiles present maxima around
178 nm, which corresponds to the vertical absorption of the
7 — x* transition. We also note that Amide I/Amide II
relative Raman cross-section ratios vary without any appar-
ent trend in the studied wavelength range. However, amide
I band is always weaker in intensity, in total contrast with
QM/PCM results in Figure 2(b). Such findings also reveal
that QM/FQ is notably able to account for the almost three-
fold enhancement of Amide II with respect to Amide I in-
tensity that is experimentally measured.[76]

5.2. Acetamide
5.2.1. Spontaneous Raman spectra

QM/PCM and QM/FQ computed spontaneous Raman
spectra of acetamide (ACA) in aqueous solution are reported

The RR band at around 800 cm™! is a spurious signal arising from the quartz

in Fig. 4(a) together with their experimental counterpart
measured by using @y =633 nm.

We first notice that almost all peak relative intensities
are correctly reproduced by both the solvation approaches,
however the inhomogeneous broadening, and also the posi-
tion of most bands, are better described by QM/FQ with re-
spect to the implicit description. As in the case of NMA, in
solvated acetamide, the amide I band located at 1662 cm™!
originates primarily from C=0 stretching, whereas an amide
II-like band occurs at 1616 cm™! and is associated with NH,
bending, even if contains a small contribution from C=0
stretching (see Sec. S2.1 in the SM). The amide III-like band
of ACA, located at 1404 cm™! derives from the C-N stretch-
ing, but also has minor contributions of C-C stretching, NH,
rocking, and symmetric deformations of the NCO group and
CHj; groups.[13]

Similarly to NMA, Amide I and Amide II bands are lo-
cated in the region around 1600 cm~!, where the broad H-
O-H bending vibration of the water molecules contributes to
the Raman intensity.[13, 79, 80]

5.2.2. UV Resonance Raman spectra

QM/PCM and QM/FQ UVRR spectra of ACA in aque-
ous solution are reported in Fig. 4(b), together with our spec-
tra measured by using w, =226 nm (see Fig. S10 in the SM
for experimental UVRR measured with w, =210, 226 and
266 nm). We first note that all experimental Raman peaks
increase in intensity as the excitation wavelength decreases
from 633 to 226 nm, with Amide I, II, and III bands showing
the largest resonance enhancement, that in agreement with

Goémez et al.: Preprint submitted to Elsevier

Page 6 of 12



UVRR of Amides

0.0050

< Amide Il 0O

£ 0.0040 Amide Il = 2
2 Abs <
@« .
5 00030 g
] 8
S 0.0020 =
s [%]
@ c
£ 0.0010 g
g =

7 [ Amdel v ||
CHydef &
Abs

" b0

0.0020

0.0015
0.0010
0.0005

Raman Cross Section
Intensity (arb. units)

0.008% -
3.0 ®
[ ]

25
2 ° ©
kK 2.0 o) R o
15 O (0]

o o ¢ e g
1.0

[ ]

05 T T T T T T T T T T

150 160 170 180 190 200 210 220 230 240 250 260
Incident wavelength, og (nm)

(b)

Figure 5: (a) Calculated QM/FQ Resonance Raman Excitation Profiles (RREP) of Acetamide in aqueous solution. (b) Excitation
wavelength dependence of the Amide I, 11, 11l and and 1457 cm~! CCH, deformation (def) bands intensity, and of Amide I/Amide
Il and the Amide IIl/Amide || band Raman cross-section ratios. RR intensities (in cm?mol~'sr=!) were calculated with a damping
factor of 200 cm~! and broadened using Lorentzian functions with a FWHM of 20 cm™!.

previous findings.[13] The same is valid for QM/FQ, which
is able to provide an almost perfect agreement with the ex-
periment in terms of relative intensities, band positions, and
band broadening. Conversely, QM/PCM UVRR spectrum
dramatically differs from the experimental counterpart. In
particular, the amide  mode (~ 1700 cm™!) is much more in-
tense than in the experiments, similarly to what has been al-
ready commented for NMA. The nature of the normal mode,
which is mainly characterized by a C=O0 stretching, suggests
that an explicit description of the water molecules is needed.

‘We now move to comment on the RREP, i.e. the Raman
spectrum as a function of the external wavelength, of ACA
in aqueous solution as calculated by means of QM/FQ (see
Fig. 5. Note that an experimental RREP has been measured
inRef. 22. The excitation profiles of Amide I (C=0 stretch-
ing), Amide II (NH, bending), Amide III (C-N stretching) as
well as the CH; rocking vibration (1457 cm™!) are reported
in Figure 5(b). Two clear-cut trends can be seen in Figure
5(b): on one hand, similar to NMA, the amide I, II and III
bands are resonance enhanced in ACA with Amides II and
IIT increasing in intensity more than than Amide I. As ex-
pected, the enhancement is maximum facing 172 nm (see
Sec. S2.3 in the SM), which is the computed QM/FQ exci-
tation energy of the # — z™ transition (see Tab. S1 in the
SM). As observed in Figure 5(b), this transition of the pep-
tide group starts to be significant at excitation wavelengths
near the maximum of the absorption curve, as reported in
Ref. 22, where the authors found a relationship between the
excitation wavelength and the Raman band positions for the
same signals, associating it to the HB strength at the NH,
and C=0 sites.

5.3. DMA
5.3.1. Spontaneous Raman spectra

In Figure 6(a), the QM/PCM and QM/FQ spontaneous
Raman spectra of DMA in aqueous solution are reported to-
gether with the measured experimental spectrum (@, = 633
nm). Overall, the Raman spectrum of DMA is dominated
by the same amide bands previously mentioned for NMA
and ACA (see also Sec. S3.1 in the SM). No significant dif-
ferences between QM/PCM and QM/FQ solvation models
can be noticed (Figure 6(a)). Both environmental treatments
lead to peak positions close to the experimental ones, with
the only exception being the Amide I band (~ 1650 cm™),
for which QM/FQ also provide a more accurate prediction
of its relative intensity. This is not unexpected because, as
for the other two amides, Amide I band is largely affected by
specific solute-solvent interactions.

5.3.2. UV Resonance Raman spectra

Simulated UVRR spectra of DMA in aqueous solution
and experimental spectra, recorded using 226 nm as exci-
tation wavelength, are depicted in Figure 6(b) (see also Fig.
S14 in the SM). The overall picture that emerges from Figure
6(b) is of rather good agreement between theory and experi-
ment, at least in terms of the major features. This overview is
similar for both QM/PCM and QM/FQ models, even though
a significant improvement is reached by QM/FQ, as judged
by the description of the Amide I and Amide II, which oc-
cur at 1650 and 1490 cm™!, respectively. This shows that
a better description of the solute-solvent interactions, pro-
vided when the discrete water molecules are employed, is
important also in this system but not as crucial as in the case
of ACA and NMA, due to the presence of the two methyl
groups. Small discrepancies between computed and experi-
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Figure 6: Raman spectra of DMA calculated with different solvent descriptions (top, QM/PCM and middle, QM/FQ) and
compared to the experimental spectra (bottom) measured in aqueous solution at room temperature. (a) Spontaneous (Far From
Resonance) Raman spectra simulated and measured using 633 nm as excitation wavelength. FWHM: 4 cm~!. (b) UV Resonance
Raman spectra. In the UVRR experiments, the external excitation wavelengths have been set to 226 nm. x=0.09 stands for the

DMA molar fraction in water. RR intensities were calculated with a damping factor of 200 cm

~! and broadened using Lorentzian

functions with a FWHM of 20 cm™!. The RR band at around 800 cm™' is a spurious signal arising from the quartz cuvette.

mental UVRR results can be explained considering that for
DMAA it has been reported that the amide bands are sensitive
to changes in concentration.[78] Remarkably, in both solva-
tion approaches, we are assuming an infinite dilute solution,
which is not the case for experimental conditions.

The dependence of QM/FQ UVRR as a function of the
excitation wavelength is reported in Fig. 7(a), whereas the
enhancements of selected normal modes (Amide I, II, III
and CH; antisymmetric bend) are illustrated in Fig. 7(b).
An enhancement of the Amide II band relative to Amide I
and Amide III is immediately perceived for excitation wave-
lengths nearby the absorption maximum (184 nm, see also
Sec. S3.3 in the SM). Indeed, for this spectral region, Amide
IT band becomes five-fold more intense than both Amide I
and Amide II bands. It is also clear from Figure 7(b) that
the amide III band cross section shows essentially no res-
onance enhancement, differently from NMA and ACA, for
which its intensity does change (see Figs 2(b) and 4(b)). Fur-
thermore, by comparing our non—resonant (Figure 6(a)) and
pre-resonant (Figure 6(b)) Raman results, we notice that the
overcrowded region between 1400 and 1500 cm™! turns into
a couple of bands located at 1437 and 1487 cm™!. For the
first one, there is also an enhancement as incident light ap-

proaches 4,,,, as shown in Figure 7(b), middle panel.

6. Discussion

The results discussed in the previous sections clearly show
that QM/FQ outperforms continuum solvation, and gives an
almost perfect description of experimental UVRR spectra of
all three amides. In this section, we discuss such findings on
the basis of physico-chemical properties of the systems when

dissolved in aqueous solution. In particular, the performance
of the two solvation models in the description of both spon-
taneous and RR of ACA, NMA and DMA can be investi-
gated by analyzing the resutls of MD simulations, which can
provide a qualitative and quantitative overview on specific,
directional solute-solvent interactions. To this end, in Fig.
8 we report the Spatial and Radial Distribution Functions
(SDF and RDF, respectively), which were extracted from
the last 10 ns of MD simulations. The two plots are com-
plementary: RDFs are used to quantify the strength of HB
interactions in terms of the average solute-solvent distance,
whereas SDFs provide a graphical 3D depiction of the most
favorable positions of water Hydrogen and Oxygen atoms.
From the inspection of Fig. 8 it is clear that the three

amides can form strong HBs with the surrounding water molecules.

Remarkably, SDFs show the importance of including virtual
sites in the description of the solute’s Oxygen atom, per-
fectly describing the directionality which characterizes HB
interactions. For this reason, QM/FQ outperforms the im-
plicit approximation (QM/PCM) in the description of Amide
Tand IT bands, both involving the C=0 bond, because the im-
plicit approach lacks of any specific/directional interaction.
In case of ACA and NMA, the importance of an atomistic
description of the environment is also demonstrated by HB
interactions which are established between the amide Hy-
drogen(s) and water molecules (see both RDFs and SDFs).
The absence of the amide Hydrogen in DMA can explain the
better agreement between QM/PCM and QM/FQ results. In
fact, the NH group is involved in the most relevant vibra-
tions in the studied region (700-1800 cm™!). Nevertheless,
also in this case, we highlight that a collection of configura-
tions standing for the dynamical fluctuations of the solvent
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Figure 7: (a) Calculated QM/FQ Resonance Raman Excitation Profile (RREP) of DMA in aqueous solution. (b) Excitation
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Figure 8: Top panel: SDFs for the three amides studied in this work. Calculated SDF isodensity values are equal to 70 and
80 nm~3 for water hydrogen (white surfaces) and oxygen (red surfaces) atoms, respectively. Bottom panel: Radial distribution
function, g(r), (solid lines) and running coordination numbers (dashed lines) for the hydrogen bonds CO---H, and NH---O,, in
the solvated amides.

molecules around the solute guarantees a much better agree- in this work by the coupling of the polarizable QM/FQ with
ment with experimental results. classical MD simulations.
To conclude, we note that the differences between QM/PCM
and QM/FQ results are more pronounced for RR than for 7. Summary and Conclusions
spontaneous Raman, thus confirming the necessity of an ac-

curate and reliable description of solvation, as it is provided We have presented a joined computational and experi-

mental work analyzing Raman and Resonance Raman (RR)
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spectra of three simple amides, acetamide, trans-N-methyl
acetamide and N,N-dimethyl acetamide, in aqueous solu-
tion. In particular, we focused on the effect that the aqueous
environment induces on the spectra by comparing computa-
tional results obtained with the commonly employed contin-
uum model and the polarizable QM/FQ approach, that per-
mits to account for both polarization and specific hydrogen
bonding effects. The study was also possible thanks to avail-
ability of SR-based UVRR experimental setup that allowed
us to record accurate experimental spectra at low concentra-
tion of amides in water and with a variety of incident excita-
tion wavelengths, an indispensable requirement for analyz-
ing the effect of the resonant enhancement.

Our results demonstrate once again the severe shortcom-
ings of the popular polarizable continuum model (PCM) in
simulating the aqueous environment. In fact, Raman and RR
spectra differ dramatically from their experimental counter-
part at the PCM level, and the discrepancy is much more pro-
nounced for systems having more potential sites for specific
solute—solvent interactions. Being a mixed electronic and
vibrational spectroscopy, RR requires an unbiased solvation
model that is capable of capturing all solute-solvent inter-
actions, and we have shown that our QM/FQ model gives
highly accurate results. In fact, the agreement between the-
ory and experiment is so high that the main features of the
spectra are easily identified, in particular the assignment to
the Amide I, Amide II and Amide III bands, that in primary
amides (e.g. acetamide) are essentially due to C=O0 stretch-
ing, N-H bending and C-N stretching vibrations, respec-
tively, while in secondary amides (e.g. NMA) the Amide
IT and IIT bands arise from combined N-H bending and C-N
stretching vibrations. On the other hand, in tertiary amides
(e.g. DMA), the lack of the amide hydrogen causes different
contributions for Amide IT and Amide III signals. Computed
QM/FQ Resonance Raman Excitation Profiles (RREP) indi-
cate that amide bands are particularly sensitive to variations
in the incident wavelength, with the strongest changes occur-
ring by approaching absorption spectra maxima, as earlier
reported in experimental works.[19]

Given the success of the combination of theory and ex-
periment in reproducing RR spectra of simple amides, the
next step is to study more complex amino acids and peptides,
which are essential building blocks of biological systems,
and whose natural environment is water. The application of
our method to these systems is in progress in our group, and
will undoubtedly shed light into the complex mechanisms
that cooperate to produce the final spectral response, thus
building an understanding that is essential to and rationalize
the spectroscopic features of complex protein systems.
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