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Influence of the environment on the infrared spectrum of alanine: an effective modes analysis

The vibrational spectrum of the alanine amino acid was computationally determined in the infrared range of 1000-2000 cm -1 , under various environments encompassing the gas, hydrated, and crystalline phases, by means of classical molecular dynamics trajectories carried out with the AMOEBA polarizable force field. An effective mode analysis was performed in which the spectra are optimally decomposed into different absorption bands arising from well-defined internal modes. In the gas phase, this analysis allows to unravel the significant differences between the spectra obtained for the neutral and zwitterionic forms of the amino acid. In condensed phases, the method provides invaluable insight into the molecular origins of the vibrational bands and further shows that peaks with similar positions can be traced to rather different molecular motions.

I. INTRODUCTION

Infrared (IR) spectroscopy is a powerful tool to characterize the chemical physics of molecular systems in their environment [1]. In interpreting IR spectra, the synergy between experiments and computer simulations is particularly relevant for the assignment of absorption bands to well-defined molecular vibrations or to functional groups as well as for the identification of how dynamical changes in the environment affect the absorption bands. When combined with vibrational circular dichroism (VCD), i.e., the difference in the response of a molecular system to left-and right-circularly polarized IR light [2][3][4][5], IR spectroscopy represents an extremely sensitive tool for characterizing the structure and to efficiently identify absolute and relative configurations of chiral molecules [6].

In complex systems, the assignment of IR and VCD bands associated to the excitation of particular vibrational modes in a molecule, which can be interpreted as the vibrational signature of that molecule, often turns out to be a cumbersome task [7][8][9][10][11][12][13][14][15]. This is due, for instance, to anharmonic effects arising at increasing temperature, or to the presence of an environment, e.g., a solvent, that can mask the vibrational signature of the solute molecule of interest. In addition, while molecular dynamics (MD) simulations at finite temperature are able to realistically capture those effects in IR and VCD spectra, applying a standard normal modes analysis for their interpretation is clearly not sufficient, since a theory beyond the harmonic approximation is needed.

To overcome these limitations, several methods have been developed to interpret the IR vibrational spectrum obtained from a MD trajectory [11][12][13]16]. The princi-pal modes analysis has been proposed in which the average mass-weighted normal modes and associated frequencies are calculated using the Hessian matrix [12] or the covariances of Cartesian atomic velocities [13]. Martinez et al. have developed an effective modes analysis, with the aim to decompose the IR spectrum as an approximate sum of effective modes contributions [16]. These effective modes are defined as linear combinations of mass-weighted atomic displacements, similarly to the harmonic normal modes analysis, and in the zero temperature limit, the harmonic normal modes are recovered. Since IR and VCD peaks are located at the same frequencies, the identification of the effective modes from the IR absorption bands can be used as an interpretation tool for VCD as well. Another useful approach for computational vibrational spectroscopy, called driven molecular dynamics (DMD), was proposed by Bowman et al. [11]. In this method, a sinusoidal driving force is added to the Hamiltonian. The driving frequency can be varied through a frequency range and energy absorption should maximize locally at the normal mode frequencies. An examination of the molecular motion at a given resonance provides the corresponding normal mode. This DMD method was coupled with the determination of the IR spectra itself through the Fourier transform of the autocorrelation function by Thaunay et al. [17].

The analysis of IR spectra based on the identification of effective modes [16] has been previously applied to a variety of molecular systems [18][19][20][21][22][23] where diverse MD techniques were employed to generate the trajectories. In the present work, we focus on the IR spectroscopy of the alanine amino acid [24][25][26][27][28], a chiral molecule that some of the authors have recently studied based on ab initio and classical MD simulations in different phases [6]. The choice of alanine is motivated by the availability of experimental data [25], but this molecule also serves here as a convenient testbed for implementing and comparing methodologies for vibrational spectroscopy. In particular, we aim at developing tools for simulating VCD spectra based on polarizable force fields, and in the present article we address the specific issue of modes assignment. The effective modes analysis is used here to (i) identify the spectral signatures of neutral and zwitterionic alanine in the gas phase in the region 1000-2000 cm -1 as well as to (ii) determine the effect of the environment on the modes and on the absorption bands in the same spectral region by studying the hydrated form of alanine and its crystal form.

The paper is organized as follows. In Section II, we present the theory and illustrate the numerical procedures employed to determine the effective modes in alanine (Section II A) and to generate the MD trajectory (Section II B). Section III is devoted to a detailed presentation of the results: in Section III A, the neutral and zwitterionic forms of alanine are compared in the gas phase; in Section III B, the hydrated and crystalline zwitterionic forms are studied. Our conclusions are presented in Section IV.

II. METHODS

The IR vibrational spectra of isolated alanine as well as its hydrated and crystalline forms were investigated based on classical MD simulations using the AMOEBA polarizable force field [29]. In the gas phase, we studied both zwitterionic and neutral forms, which are shown in Fig. 1 (upper panels), even though, when isolated, alanine is most stable in the neutral form. In contrast, once alanine is hydrated or in a crystal, as shown in Fig. 1 (lower panels), the zwitterionic form becomes more stable.

In the following, we will present the theoretical and technical background at the basis of our methodology, with the aim to characterize the vibrational modes of alanine in different environments in the spectral region 1000-2000 cm -1 (Section II A) based on the calculation of the IR spectra of the molecule in the various phases introduced above (Section II B).

A. Effective modes analysis including temperature and anharmonic effects

Our approach to characterize the vibrational modes of alanine in the region 1000-2000 cm -1 , and thus to assign absorption bands to well-defined internal molecular vibrations, is by determining the effective modes [16,30]. The present effective modes analysis was introduced in Refs. [16,30] and then extensively used and documented in Refs. [18][19][20][21][22][23]. Therefore, we recall here the background theory only briefly.

The IR spectrum I IR (ω) of a molecular system is computed from the Fourier transform of the autocorrelation function of the time derivative of the electric dipole moment µ, namely

I IR (ω) ∝ +∞ -∞ μ(0) • μ(t) e -iωt dt (1) 
The averaging operation • is performed in our simulations over the canonical ensemble at T = 300 K (see Section II B for details).

Introducing the effective modes, we approximate the IR spectrum I IR (ω) of a molecule of N atoms as a sum of contributions from individual effective modes, I EM (ω), namely as

I IR (ω) I EM (ω) ∝ 3N -6 i=1 ∂µ ∂q i (0) 2 P (q) ii (ω) (2) = 3N -6 i=1 I (i) EM (ω) (3) 
In Eq. (3), I

EM (ω) defines the contribution of effective mode i to the global effective spectrum I EM (ω). The sum over i runs over the 3N -6 internal degrees of freedom of the molecule; q = {q i } i=1,...,3N -6 indicates a set of effective coordinates, or effective modes, to be determined by the effective modes analysis; P (q)

ii (ω) is the power spectrum, i.e., the Fourier transform of the velocity autocorrelation function, expressed using the effective modes q

P (q) ii (ω) = +∞ -∞ qi (t) qi (0) e -iωt dt (4) 
The purpose of the effective modes analysis is to determine I EM (ω) that best captures the absorption bands of I IR (ω) via a suitable construction of the effective modes q as linear combinations of internal coordinates ζ of the molecule at hand, alanine in this study. Such a suitable construction is achieved by imposing that the power spectrum of each effective mode

P (q)
ii (ω) is maximally localized in frequency.

In order to derive the effective modes approximation (2) to the IR spectrum (1), the following hypotheses are made [18]:

1. positions and velocities in the effective modes coordinate system are uncorrelated variables, on average, along the trajectory;

2. rotations and vibrations are uncorrelated on average, and the rotational time correlation function decay is much slower than the vibrational time correlation function;

3. the time correlation function for the derivatives of the dipole moment with respect to the effective modes decays more slowly than the vibrational time correlation function, it is sufficient to consider its value at correlation time t = 0;

4. the off-diagonal elements of the q-power spectrum are negligible if compared to the diagonal elements (normal mode condition).

The linear combination of internal coordinates yielding the effective modes is

q = Z -1 ζ or q i = 3N -6 k=1 Z -1 ik ζ k (5) 
with Z -1 identifying the transformation matrix from internal ζ to effective q modes. The elements of the transformation matrix, i.e., Z -1 ik , are parameters to be determined by minimizing the functional Ω (m)

Ω (m) = 3N -6 i=1 β 2π +∞ -∞ dω ω 2m P (q) ii (ω) - β 2π +∞ -∞ dω ω m P (q) ii (ω) 2 (6) 
The power spectrum P (q)

ii (ω) is real and positive, which follows from the Wiener-Khintchine theorem. Therefore, the quantity P (q)

ii (ω) can be interpreted as a probability distribution with normalization condition chosen as

β 2π +∞ -∞ dω P (q) ij (ω) = δ ij (7) 
This condition allows a system in thermal equilibrium in the canonical ensemble to satisfy the relation ẋi ẋj = δ ij /(βm i ) where ẋi is the Cartesian velocity along the i direction and m i is the i-th mass. With such an interpretation of the power spectrum, the functional defined in Eq. ( 6) can be rewritten as

Ω (m) = 3N -6 i=1 ω 2m i -ω m 2 i ( 8 
)
where f (ω) i is the average of a function f (ω) over all positive frequencies weighted by the power spectrum of mode i. With m = 1, the quantity ω 2 i -ω 2 i is the variance of the power spectrum of mode i, whose minimization leads to maximizing the localization of the corresponding band P (q) ii (ω). With m = 2 this method is equivalent to a normal modes analysis performed with the thermally averaged Hessian matrix [16,22], which differs from a standard (harmonic) normal modes analysis as it includes anharmonicities through their thermal contribution. Once a set of internal coordinates ζ is defined to initialize the minimization procedure, calculating the stationary variations of Ω (m) with respect to the Z -1 ik yields the optimal linear combination of ζ that produces a set of effective modes q with maximally localized absorption bands. Note that P (q)

ii (ω) depends on the whole MD trajectory via the ensemble average operation, so does the search for the optimal linear combination. It is worth mentioning here that the idea of determining maximally localized effective modes in the harmonic limit has also been exploited by Jakob and Reiher [31] in the context of quantum chemical calculations.

The minimization procedure that defines the effective modes is as follows.

• First, we use a matrix notation for the power spectra, namely we use the symbols P (q) (ω) and P (ζ) (ω) in effective and internal coordinates, respectively. Since the Fourier transform is a linear operator, the two quantities are related as

P (q) (ω) = Z -1 P (ζ) (ω)Z -1 T (9) 
where Z -1 T is the transpose of the transformation matrix Z -1 from internal to effective coordinates.

• Second, we introduce the symbol

K (m) q = β 2π +∞ -∞ dω ω m P (q) (ω) = Z -1 K (m) ζ Z -1 T (10)
such that the functional in Eq. ( 6) can be rewritten as

Ω (m) = 3N -6 i=1 Z -1 K (2m) ζ Z -1 T ii -Z -1 K (m) ζ Z -1 T 2 ii (11) 
• Third, the functional Ω (m) is minimized with respect to the matrix Z -1 , calculating δΩ (m) /δZ -1 = 0 with normalization constraint

K (0) q = Z -1 K (0)
ζ Z -1 T = 1 following from Eq. ( 7). • Fourth, the minimization procedure is translated into a generalized eigenvalue problem

K (m) ζ Z -1 T = K (0) ζ Z -1 T Λ ( 12 
)
where Λ is a diagonal eigenvalue matrix containing the frequencies of the effective modes. Such an eigenvalue problem is equivalent to that derived within the harmonic normal modes analysis, where the Hessian matrix is replaced by

K (m) ζ
and the mass matrix is replaced by

K (0)
ζ . The results presented in Section III were obtained by choosing m = 2. We performed the analysis of the zwitterionic form of alanine in the gas phase for m = 4 as well, and no major differences were observed.

The effective modes analysis itself is not very costly from the computational point of view, the main limiting factor being memory storage, and convergence of the MD trajectory: positions and velocities have to be read in input and stored before solving the generalized eigenvalue problem of Eq. ( 12).

Internal coordinates are naturally based on elementary geometrical parameters defining bond lengths, angles or/and dihedrals. For the present system in zwitterionic form, the chosen internal coordinates are listed in Table I. Other choices of internal coordinates are always possible. We have tested alternative possibilities, without, however, identifying major differences either in the decomposition of the spectrum or in the identity of the effective modes.

B. Molecular dynamics with the AMOEBA force fields

In addition to bonding and non-bonding interactions of conventional force fields, polarizable force fields allow TABLE I. List of the 33 internal coordinates used for the effective modes analysis of alanine in the zwitterionic form (12 bond lengths, 16 valence angles, 5 dihedral angles). The labels of the atoms refer to Fig. 1(b). For the neutral form, the bond N1-H5 is replaced by the bond O4-H5, the valence angle H5-N1-H6 is suppressed, and the dihedral angle H5-O4-C3-O13 is added.

bond lengths valence angles dihedral angles

N1-C2 C3-C2-N1 O4-C3-C2-N1 C2-C3 O4-C3-C2 H5-N1-C2-C3 C3-O4 C2-N1-H5 H8-C2-N1-H7 N1-H5 C2-N1-H6 C9-C2-N1-H7 (neutral: O4-H5) N1-H6 C2-N1-H7 H10-C9-C2-N1 N1-H7 N1-C2-H8 (neutral: H5-O4-C3-O13) C2-H8 C9-C2-N1 C2-C9 H10-C9-C2 C9-H10 H11-C9-C2 C9-H11 H12-C9-C2 C9-H12 O13-C3-C2 C3-O13 H5-N1-H6 (neutral: none) H7-N1-H6 H12-C9-H11 H10-C9-H11 O13-C3-O4
to include the polarization of the atomic sites, which can be to some extent related to the deformation of the electronic density cloud in response to the induced electric field from the surrounding charges. Such polarization effects turned out to be the key to capture the essential non-Born-Oppenheimer effects in VCD spectroscopy of chiral molecules [2,3] based on classical MD, since the force-field polarizability adds correlation between charges and geometries that is absent in a fixed charges model. In our simulations, the 2013 AMOEBA protein version polarizable force field was used [29,32]. AMOEBA was originally developed for biomolecules such as proteins and DNA, and some organic molecules [29,33,34]. The main interest of this force field lies in its ability to reproduce relative conformational energies. Conventional force fields that do not include polarization effects only reproduce about 50% of the conformations found at the MP2/aug-cc-pVTZ level of theory whereas AMOEBA reproduces about 80% of them [35]. The good reproduction of the relative energy is due to the use of permanent electrostatic multipolar moments (charges, dipole and quadrupole moments) on each atom, and induced dipoles reacting self-consistently to the presence of local electric fields on each polarizable site. Polarization at very short distances was damped through the effective charge smearing method of Thole [36]. This leads to a good precision for thermodynamic properties such as free energies of solvation and complexation. The AMOEBA force field has also been extended to IR spectroscopy of peptides in the gas phase and hydrated ions very satisfactorily [17,37,38].

The AMOEBA force field is distributed with the Tinker software package [START_REF] Ponder | TINKER -Software Tools for Molecular Design (version 8)[END_REF]. To determine the IR spectrum, the electric dipole moments were collected for multiple trajectories, then processed through the Fourier transform of the time autocorrelation function of the electric dipole moments by the ChirPy program [START_REF] Jähnigen | ChirPy A python package for chirality, dynamics, and molecular vibrations (version 0.23[END_REF]. This gave an individual spectrum for each trajectory from which an average spectrum was determined. In the gas phase, 40 trajectories of 200 ps each were performed and in the condensed phases 30 trajectories of 40 ps each were assembled. A time step of 0.5 fs was employed as it is found to be optimal for IR spectroscopy in this frequency range [START_REF] Horníček | [END_REF], and the electric dipole moments were collected with a time step of 4 fs for the Fourier transform of the autocorrelation function. All systems were pre-equilibrated at 300 K with the Nosé-Hoover thermostat before the electric dipole moments were recorded.

MD simulations of the hydrated phase were carried out using periodic boundary conditions with a cubic box with an edge length of 18.6 Å that contained 211 water molecules. This box was pre-equilibrated before soaking the alanine solute.

In accordance with experimental crystallographic data, an alanine crystal was prepared for simulations. Given the chiral space group of alanine (P2 1 2 1 2 1 ), a periodic box of 12.073 × 12.342 × 11.57 Å was constructed containing 16 alanine molecules. The Ewald real-space cutoff was 7 Å, and the van der Waals cutoff was 7 Å for the hydrated phase and 5 Å for the crystalline phase.

III. EFFECTIVE MODES AND BANDS ASSIGNMENT OF ALANINE

In this section, we report our effective modes analysis performed on gas phase alanine in the neutral and zwitterionic forms in Section III A, and on hydrated and crystalline alanine in zwitterionic form in Section III B.

Note that, in our effective modes analysis, we only report the power spectra of the effective modes P (q) ii (ω) whose integral over the whole frequency range satisfies the normalization condition of Eq. (7). Therefore, the re-ported intensities cannot be used to compare with experiments. The reported power spectra were smoothened out by performing a locally estimated scatterplot smoothing (LOESS) [42], to attenuate the significant noise of the bare spectra. The bare spectra were all normalized to unity when integrated over the whole spectral domain before applying the LOESS procedure. Differences in intensities when the bands have different delocalizations are then justified by the normalization. All along the analysis and bands assignment procedure, the modes were labelled with their average frequencies, which are defined as the average values over the bare normalized spectra.

Before reporting on the full IR spectrum of alanine, let us briefly analyze the spectrum of its gas phase zwitterionic form in terms of fragments contributions. Since the spectral region 1000-2000 cm -1 of interest in this work is densely populated by overlapping and not well-defined absorption bands, this preliminary study aims to clarify the results that will be discussed in the following sections on the alanine molecule. From the trajectory of the alanine molecule, positions and velocities of three fragments, namely CH 3 , NH 3 , and CO 2 were extracted in order to identify their effective modes and the bands of the full IR spectrum arising from their vibrations. Note that, while the analysis is performed on the isolated fragments, their dynamics accounts for the presence of the remaining degrees of freedom of the molecule. The IR absorption bands of the fragment CH 3 are mainly located in the region 1400-1500 cm -1 , as shown by the colored bands in the lower panel of Fig. 2, and thus contribute to the large absorption region of zwitterionic alanine in the gas phase in the region 1300-1600 cm -1 (black line in the upper panel of Fig. 2). The effective modes identified by our analysis are, rather unsurprisingly, combinations of bending modes (mode 1 and mode 3, depicted as arrows in the insets of Fig. 2) and the umbrella mode (mode 2 in Fig. 2). These modes will be referred to as δ as CH 3 (modes 1 and 3) and δ s CH 3 (mode 2) in Section III A. The IR absorption bands of the fragment NH 3 are slightly blue shifted with respect to those of CH 3 , and are mainly distributed in the region 1450-1750 cm -1 , as shown by the colored bands in the lower panel of Fig. 3. Despite the blue shift, the vibrations within the NH3 fragments are expected to be coupled to those of CH 3 since the absorption bands partially overlap. Therefore, similarly to CH 3 , NH 3 contributes to the large absorption region of zwitterionic alanine in the gas phase in the region 1300-1600 cm -1 (black line in the upper panel of Fig. 3) as well as to the isolated band at 1700 cm -1 . In contrast, we find that the bands are not well localized in frequency as it was the case for the CH 3 fragment, which might be a manifestation of strong anharmonicity and coupling of NH 3 with other modes that have not been considered in this fragment analysis [43]. The effective modes identified by our analysis are very similar to those in CH 3 , namely they are a HNH bending mode (mode 1, depicted as arrows in the inset of Fig. 3), the umbrella mode (mode 2 in Fig. 3), and a combination of a HNH bending mode with an out-of-plane vibration of the remaining NH bond (mode 3 in Fig. 3). Similar to the CH 3 fragment, these modes will be denoted as δ as NH 3 and δ s NH 3 in Section III A.

The IR absorption band of the fragment CO 2 is composed of two main bands: one band appears essentially in the region 1500-1600 cm -1 , but is coupled to smaller bands at (a bit less than) 1100 cm -1 and at 1300 cm -1 ; one band is very well defined and localized at around 1900 cm -1 . Therefore, also for this fragment, we find the participation of the bending motion in CO 2 (mode 1, depicted as arrows in the inset of Fig. 4) to the large absorption region of zwitterionic alanine in the gas phase in the region 1300-1600 cm -1 (black line in the upper panel of Fig. 4), while the asymmetric stretching in CO 2 (mode 2, in the inset of Fig. 4) produces an absorption peak in the high frequency region of the analyzed spectrum. In Section III A, those modes will be referred to as δCO, indicating a bending motion where one or both CO bonds are involved, and as ν as COO, respectively. It is worth mentioning here that, in general, the CO stretch would be expected at lower frequencies, i.e., at around 1650-1700 cm -1 [24,25]. Finding this mode near 1900 cm -1 is a consequence of the parametrization of the force field.

A. Isolated zwitterionic and neutral forms of alanine

Figure 5 reports the full IR absorption spectrum of zwitterionic alanine in the gas phase (upper black line), along with the normal modes peaks (upper gray bars) and its decomposition in effective modes contributions (lower colored curves).

In the low frequency region of Fig. 5, four bands can be clearly identified: two overlapping bands in the region 1000-1100 cm -1 , one band in the region 1100-1200 cm -1 , and one band localized at 1300 cm -1 . The four bands see the participation of the three fragments of the molecule analyzed above, together with a contri- bution from the vibration of the CH bond that is not involved in the CH 3 fragment (see Fig. 6, modes 1, 3 and 4). The region 1350-1500 cm -1 of the spectrum in Fig. 5 is populated by four main bands, associated to the four modes. Two of these modes, i.e., 5 and 6, are shown in Fig. 6. As expected from the fragment analysis reported above, this region of the spectrum sees the main participation from the bending and umbrella modes in the two fragments CH 3 and NH 3 . Some distorted CO 2 bending motions contribute as well to the higher frequency modes (for instance, see mode 8 in Fig. 6), giving rise to the overlapping band slightly above 1450 cm -1 in Fig. 5.
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Gas phase zwitterionic alanine

In the remaining part of the spectrum of zwitterionic alanine in the gas phase, we identify five modes between 1500-1900 cm -1 . The high energy band at 1900 cm -1 is easily assigned to the asymmetric stretching motion in the fragment CO 2 , as observed in Fig. 4 as well: this is mode 14 represented in Fig. 6. Centered at 1700 cm -1 , we mainly identify a band corresponding to mode 12 (mode not represented in Fig. 6), which is produced by the excitation of the bending and the umbrella motion in NH 3 (see Fig. 3 for reference), which is now coupled to the bending motion in the fragment CH 3 as well as to the vibration of the CH bond that is not involved in CH 3 . We confirm here, as seen in Fig. 3, that vibrations in NH 3 cannot be completely decoupled from those in other fragments, probably due to strong anharmonicity. This is further supported by the lack of full localization of the corresponding absorption bands, which remain delocalized and present several peaks.

The three remaining bands are located in the region 1500-1600 cm -1 and are mainly produced by the absorption of the NH 3 fragment, with subsequent excitation of the bending and umbrella vibrations (modes not reported in Fig. 6).

ω1=1082 cm -1 ω3=1154 cm -1 ω4=1297 cm -1 ω5=1425 cm -1 ω8=1465 cm -1 ω14=1919 cm -1 FIG. 6. Effective modes associated to the spectral regions: 1000-1350 cm -1 (modes 1, 3 and 4), 350-1500 cm -1 (modes 5 and 8), 1500-1900 cm -1 (mode 14) of the IR spectrum of zwitterionic alanine in the gas phase.

The analysis of the effective modes and the bands assignment just discussed are summarized in Table II, where we report, in the right column, the average frequencies of the modes identified from their effective modes analysis. The left column of the table reports experimental IR data from Ref. [25]. The modes assignment is presented in the central column, where we adopt the notation for the modes used in Ref. [25]. Note that, in Ref. [25] the bands were assigned based on harmonic normal modes calculations with electronic energy calculated at the Hartree-Fock level. In general, we find that the effective modes analysis captures many features of the experimental IR spectrum, even though quantitative agreement is lacking in some regions of the analyzed domain. To quantify the deviation of the effective modes frequencies from the experimental values, we calculated the mean absolute error (MAE) for the modes whose assignment corresponds to the experimental one. For the zwitterionic form of alanine, Table II leads to a MAE of 77.5 cm -1 . It is plausible to assume that the deviations are mainly caused by either the force field used to generate the MD trajectory or by the strongly anharmonic [25] in the spectral region 1000-2000 cm -1 for the zwitterionic form of alanine. Central column: bands assignment using the abbreviation from Ref. [25] (ρ for rocking, δ for bending, ν for stretching, ω for wagging; s for symmetric and as for asymmetric modes). Right column: calculated effective frequencies from this work. dynamics of alanine. Another contribution to the discrepancies might originate from the level of theory and the harmonic approximation used in Ref. [25] to assign the modes listed in Table II.

As expected from their different structures, the IR absorption spectrum of gas phase neutral alanine is very different from that calculated for the zwitterionic form. By comparing Fig. 5 and Fig. 7 some major differences can be pointed out: (i) in the region 1000-1300 cm -1 , the low intensity band at 1150 cm -1 in zwitterionic alanine becomes more intense and splits into two contributions for the neutral form; (ii) in the region 1350-1500 cm -1 , the large absorption band of zwitterionic alanine becomes less intense in the neutral form, and four main peaks appear to be better resolved; (iii) the region 1500-1900 cm -1 becomes more IR active for the neutral form of alanine that for the zwitterionic form, with the complete disappearance of absorption above 1800 cm -1 .

The effective modes of neutral alanine in the gas phase were determined, in order to identify the modes causing the differences between the corresponding IR spectra of the two forms of the molecule. For the sake of clarity, we do not describe here all the modes determined in the spectral region 1000-2000 cm -1 , but we only comment on the effective modes mainly responsible for the differences (i), (ii) and (iii) discussed above.

In Fig. 8, we find that the selected effective modes responsible for the different spectral features of neutral alanine with respect to zwitterionic alanine clearly involve some vibrational motions of the fragments that mainly distinguish the two species: the OH bond in the COOH and the NH 2 fragments. Mode 2 of Fig. 8, centered around 1150 cm -1 is a seemingly wagging motion of the Frequency (cm -1 ) ω2=1150 cm -1 ω3=1200 cm -1 ω12=1706 cm -1 ω8=1486 cm -1 FIG. 8. Effective modes associated to the spectral region 1000-1800 cm -1 of the IR spectrum of neutral alanine in the gas phase, responsible for the major differences with the IR spectrum of zwitterionic alanine in the gas phase.

Gas phase neutral alanine

NH 2 moiety, which is absent in the zwitterionic form. Similarly, the wagging motion of NH 2 at 1200 cm -1 , which is coupled to the in-plane oscillations of the OH bond (in plane with COO), is totally absent in the absorption spectrum of zwitterionic alanine of Fig. 5. Mode 8, around 1486 cm -1 , is similar to mode 3 just described, but is coupled to a vibration in the CH 3 fragment that looks like an umbrella mode. Finally, we find that mode 12, slightly above 1700 cm -1 , involves solely the HNH bending motion in NH 2 , and was not so well defined in the analysis reported in Fig. 6.

The overall decomposition of the IR spectrum of neu- [25] in the spectral region 1000-2000 cm -1 for the neutral form of alanine. Central column: bands assignment using the abbreviation from Ref. [25] (ρ for rocking, δ for bending, ν for stretching, ω for wagging; s for symmetric and as for asymmetric). Right column: theoretical effective frequencies from this work. tral alanine in the gas phase is summarized in Table III, where we report in the right column the average frequencies of the effective modes. As done previously in Table II, we compare our analysis to the results of Ref. [25], whose frequencies are listed in the left column. The central columns report the bands assignment, using again the notation introduced in Ref. [25]. With respect to the zwitterionic form of alanine, the agreement between our effective mode analysis and the experimental spectrum of Ref. [25] for the neutral form turns our to be even slightly better, with a MAE of 26.6 cm -1 .

Figures 5 and7 (upper panels) show the comparison of the IR spectra calculated along the MD trajectories at 300 K with the normal modes peaks shown as gray vertical bars. Such a comparison emphasizes the added value of the present analysis method, in which anharmonicities are naturally included. In both cases, several anharmonic bands cannot be correctly interpreted based on the harmonic modes alone. In Table IV, we list the harmonic frequencies and their assignment. In both zwitterionic and neutral forms, we identified the highest frequency modes in the spectral range of interest from the effective modes analysis, i.e., the CO stretching for the zwitterionic form and the NH 2 bending for the neutral form, and we report in the table the 14 modes that we suppose being analogous to the anharmonic bands. Note that the lowest frequencies lie outside the 1000 -2000 cm -1 range, as the CO stretching of the zwitterionic form, and, thus, do not appear in the spectra in Figs. 5 and7. As for the values of the harmonic frequencies, we find some disagreement in the assignments of the harmonic modes with respect to the effective modes analysis. 

B. Hydrated and crystalline zwitterionic forms of alanine

The IR absorption spectrum of hydrated alanine was determined by considering the electric dipole moments of the solute and the solvent molecules within the first solvation shell only, i.e. within a radius of 3.85 Å, in such a way as not to obscure the signal in the relevant spectroscopic region of 1000-2000 cm -1 by that of the water solvent. In the crystalline phase, the IR spectrum was computed considering the whole environment.

Fig. 9 depicts the resulting IR absorption spectra for alanine in both condensed phases. Both spectra were again decomposed into effective modes, shown as colored lines in the figure. While some similarities can be identified, in the full spectra as well as in their decompositions, some features appear to be different.

The main differences between the absorption spectra of hydrated and crystalline alanine are as follows:

1. in the region 1000-1200 cm -1 , the two main bands are well resolved in the crystal form, as well as the shoulder around 1180 cm -1 , by the identification of three distinct effective modes bands. In the hydrated form, the two main bands are predicted as arising from the superposition of three modes. A fourth mode is responsible for the shoulder, which seems, however, suppressed in water;

2. in the region 1400-1650 cm -1 , the low intensity bands at the sides on the central most intense bands are both split into two contributions in the crystal form, while only one band appears to be present on each side of the intense band in the case of hydrated alanine;

3. in the region around 1700 cm -1 a large and poorly resolved band appears in the hydrated form of alanine, which is completely absent in the crystal form.

Additionally, we find that, compared to zwitterionic alanine in the gas phase, the band near 1300 cm -1 is slightly blue shifted in water and in the crystal, while, concomitantly, the band near 1900 cm -1 is red shifted when the molecule is not isolated. In order to analyze the points just discussed, we start ω1=1044 cm -1 (h.) ω4=1134 cm -1 (h.)

ω3=1169 cm -1 (c.) ω1=1046 cm -1 (c.) FIG. 10. Effectives modes in the region 1000-1200 cm -1 for the hydrated (h.) form of zwitterionic alanine (upper panels) and for the crystal (c.) form of zwitterionic alanine (lower panels).

by reporting in Fig. 10 some of the effective modes giving rise to the IR absorption bands in the region 1000-1200 cm -1 . Note that all modes are very similar to each other, involving some kinds of wagging and twisting of the fragments CH 3 and NH 3 , mainly coupled to the vibrations of the CH bond that is not involved in CH 3 . Only mode 3 in the crystal form appears slightly different, as it clearly involves the umbrella mode in NH 3 .

Concerning the appearance of the double peaks in the region 1450-1650 cm -1 of the IR spectrum of crystalline alanine in comparison to the single peaks structure of hydrated alanine, we report the corresponding effective modes in Fig. 11. In the figure, we selected two modes, one around 1450 cm -1 and one slightly above 1600 cm -1 . The modes on the left panels and on the right panels of Fig. 11 are very similar: on the left, both modes involve the umbrella motion of NH 3 coupled to the (out-of-phase) umbrella motion in CH 3 ; on the right, both modes involve the HNH bending motion in NH 3 , coupled to an out-of-plane vibration of the third NH bond in the fragment. Therefore, it appears reasonable to assume that despite the fact that the IR spectrum of the crystal form of alanine presents a better resolved structure than its hydrated form, the source of the absorption bands is to be found in modes that are fundamentally very similar. Presumably, the constrained vibrations in the crystal reduce the effects of anharmonicity, thus allowing the absorption bands to be better resolved in frequency.

Finally, in Fig. 12, we analyze the effective modes responsible for the appearance of the absorption bands at around 1350 cm -1 (left panels) and 1850 cm -1 (right panels). The effective modes at lower frequency appear to be slightly different, as in water no umbrella motion involving the CH 3 fragment could be discerned, but rather a combination of HCH bending and CH vibration. As previously noted, this slight difference can be ascribed to ω6=1444 cm -1 (h.) ω12=1621 cm -1 (h.) ω11=1566 cm -1 (c.) ω5=1451 cm -1 (c.) FIG. 11. Effectives modes in the region 1400-1650 cm -1 for the hydrated (h.) form of zwitterionic alanine (upper panels) and for the crystal (c.) form of zwitterionic alanine (lower panels).

ω5=1313 cm -1 (h.) ω13=1835 cm -1 (h.)

ω13=1854 cm -1 (c.) ω4=1169 cm -1 (c.) FIG. 12. Effectives modes around 1350 cm -1 (left) and 1850 cm -1 (right) for the hydrated (h.) form of zwitterionic alanine (upper panels) and for the crystal (c.) form of zwitterionic alanine (lower panels).

the different rigidities of the environment where alanine is embedded. The effective mode at higher frequency clearly points at the asymmetric stretching motion of CO 2 in the crystalline form, which becomes instead a wagging motion in the water solvent that is coupled to vibrations in the other fragments of the solute molecule. We can thus conclude that in water, in the region spectral region 1000-2000 cm -1 , the pure antisymmetric stretching motion of CO 2 is suppressed.

IV. CONCLUSIONS

We reported an in-depth theoretical analysis of the IR spectroscopy of alanine in various forms. We applied the effective modes analysis, aiming to decompose the IR absorption spectra of alanine in the gas phase, i.e., in zwitterionic and neutral forms, and of hydrated and crystalline zwitterionic alanine. The decomposition relies on the identification of well-defined, maximally localized in frequency, absorption bands calculated as the power spectra of the effective modes, whose sum yields with good approximation the full IR spectrum of the molecule at hand.

The effective modes analysis was briefly presented to demonstrate that it can be understood as a finitetemperature and anharmonic generalization of the standard normal modes analysis relevant in the static limit. Since alanine is quite flexible and its dynamics was simulated at room temperature, the harmonic normal modes analysis is not be sufficient to satisfactorily characterize the complex absorption spectra discussed in the present work.

The reported decomposition of the spectra of alanine demonstrates the capability of the effective modes analysis to unravel absorption spectra that can appear at first glance very broad and not well resolved. The comparison between the two gas phase forms of alanine allowed us to identify the modes responsible for the changes in the IR spectra: even though it is expected that the changes in the neutral form are produced by the fragments of the molecule that are not present in the zwitterionic form, it is interesting to find that those changes are confirmed based on a rigorously-derived numerical procedure. In addition, the comparison with the literature in the assignment of the absorption bands of the gas phase species allowed us to validate the new parametrization of the AMOEBA polarizable force field, which we used to predict the IR absorption spectroscopy of hydrated and crystal alanine. Future studies of alanine in combination with the effective modes analysis will potentially address issues such as the optimal identification of internal coordinates to initialize the minimization procedure and a more systematic comparison of the effective modes analysis to alternative techniques of analysis of IR spectra, as those mentioned in the introduction.

The field of the possible applications of this method is wide.

It can complement any IR spectroscopy study, using polarizable molecular dynamics, of fluxional molecules such as peptides in hydrated or crystalline phases, or under less conventional environments such as deep eutectic solvents.

FIG. 1 .

 1 FIG. 1. (a) Neutral and (b) zwitterionic forms of isolated alanine. The atoms are labeled by numbers which are used below to define the set of internal coordinates needed to initialize the effective modes analysis; (c) hydrated and (d) crystal forms of zwitterionic alanine.

FIG. 2 .

 2 FIG.2. IR spectrum of alanine in zwitterionic form in the gas phase. Thick black line: anharmonic IR spectrum from the MD trajectory. Colored lines: power spectra determined by the effective modes analysis, corresponding to the 3 modes of the fragment CH3. Insets: stick representation of the fragment CH3, along with the effective modes, depicted as arrows.

FIG. 3 .

 3 FIG.3. IR spectrum of alanine in zwitterionic form in the gas phase. Thick black line: anharmonic IR spectrum from the MD trajectory. Colored lines: power spectra determined the effective modes analysis, corresponding to the 3 modes of the fragment NH3. Insets: stick representation of the fragment NH3, along with the effective modes, depicted as arrows.

Alanine_gaz_plus_CO2FrequencyFIG. 4 .

 4 FIG.4. IR spectrum of alanine in zwitterionic form in the gas phase. Thick black line: anharmonic IR spectrum from the MD trajectory. Colored lines: power spectra determined by the effective modes analysis, corresponding to the 2 modes of the fragment CO2. Insets: stick representation of the fragment CO2, along with the effective modes, depicted as arrows.

FIG. 5 .

 5 FIG. 5. IR spectrum of zwitterionic alanine in the gas phase [(a) upper black line] along with the normal modes peaks [(a) gray vertical bars] and its decomposition in effective modes bands [(b) lower colored curves].

FIG. 7 .

 7 FIG. 7. IR spectrum of neutral alanine in the gas phase [(a) upper black line] along with the normal modes peaks [(a) gray vertical bars] and its decomposition in effective modes [(b) lower colored curves].

FIG. 9 .

 9 FIG. 9. Upper panel: (a) IR spectrum of zwitterionic alanine in water (black line) along with (b) its decomposition in effective modes bands (colored curves). Lower panel: (c) IR spectrum of zwitterionic alanine in crystal structure (black line) along with (d) its decomposition in effective modes bands (colored curves).

TABLE II .

 II Left column: experimental frequencies collected from Ref.

TABLE III .

 III Left column: experimental frequencies collected from Ref.

TABLE IV .

 IV Left column: harmonic frequencies in the spectral region of interest for the zwitterionic and neutral forms of alanine in the gas phase. Right column: peak assignment with the notation used in Tables II and III.

	Harmonic frequency (cm -1 )	Assignment
	Zwitterionic alanine
	952	δCH, ρCH 3 , ρNH 3
	1045	δCH, ρCH 3 , ρNH 3
	1077	δCH, ρCH 3 , ρNH 3
	1158	δCH, ρCH 3 , ρNH 3
	1302	δCH
	1415	δsCH 3 , δsNH 3 , δCH
	1441	δasCH 3 , δasNH 3
	1453	δsCH 3 , δsNH 3
	1473	δsCH 3 , δsNH 3 , δCH
	1478	δasCH 3
	1546	δsNH 3 , δCH, δCOO
	1579	δsNH 3 , δCH, δCOO
	1722	δasNH 3
	1926	νasCOO
	Neutral alanine
	980	ωCH 3 , δCH
	1005	ωCH 3 , δCH
	1072	ωNH 2 , δCH
	1180	ωNH 2 , δCH
	1218	δOH, δCH, δNH 2
	1244	δOH, δCH, δNH 2
	1306	δCH
	1416	δsCH 3 , δCH
	1459	δasCH 3
	1468	δasCH 3
	1480	δsCH 3 , δCH
	1539	δNH 2 , δCH
	1715	δNH 2
	1748	δNH 2 , νCO
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