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Abstract

:

In this work we present the continuation of studies carried out on the changes of geometric parameters of the hydrogen bonds in amino acid crystals subjected to temperature or pressure variations. Changes in geometric parameters of the hydrogen bonds are correlated with the temperature behavior of the Raman wavenumber of NH3+ torsional band. Now four monocrystals, L-valine, L-isoleucine, taurine, and L-arginine hydrochloride monohydrate, are studied. Temperature evolution of the Raman wavenumber of NH3+ torsional band, with positive slope (dν/dT = 0.023 cm−1/K) of L-isoleucine, can be related to the stability of the crystal structure and the hydrogen bonds strengths on heating due to different temperature lattice parameters variation.
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1. Introduction


A hydrogen bond (HB) is a highly directional interaction notably responsible for molecular conformation, aggregation, and ordering states of a vast number of complex biological molecular systems. Changes in geometric parameters of the HB can be induced by pressure or temperature variation, as the Coulombic interaction between the protons and acceptor atoms is relatively weak compared to intramolecular covalent bonds. This effect is observed in protein dynamics at high pressure [1] and the temperature dependence of the hydrophobic interaction in protein folding [2]. Thus, the study of the stability mechanism of the molecular systems subjected to temperature or pressure variation can be related to changes in geometric parameters of the HBs.



Amino acid crystals, small model organic molecules linked in the solid structure through complex HB networks, have provided a wide canvas to study the pressure and temperature effects in the solid state. For example, L-alanine crystal constitutes an example of a molecular system linked by HB intermolecular interactions where the effect of variation of thermodynamics parameters was investigated. With increasing pressure, changes occur in the HB to maintain the stability of the crystalline structure, and a recent study through X-ray diffraction does not indicate the occurrence of any structural change [3]. Freire et al. [4], using Raman spectroscopy to study the torsional vibration of ammonium group, suggest the effect of high pressure on the HB in L-alanine crystal can be seen as a change in the geometry of the bond originated by a deviation of the linearity, instead of being due to the decreasing of its length. Funnell et al. [3], in the state-of-the-art experimental approaches using high-pressure single-crystal X-ray and neutron powder diffraction measurements in crystals of deuterated L-alanine, confirmed those results providing a complete picture of the effects of pressure on the HB in L-alanine. In addition, some wavelength links were resolved by the Brillouin light scattering method, which is currently actively used [5,6].



Additionally, a few amino acids were investigated as function of temperature in search of polymorphic crystalline phases using the Raman spectroscopy technique. On one hand, for L-valine, taurine, and L-arginine hydrochloride monohydrate, crystals with monoclinic structure, evidences of phase transitions were obtained [7,8,9]. On the other hand, for the monoclinic crystals of L-isoleucine, no evidence of a structural phase transition was found [10].



Beyond providing information about phase transitions, Raman spectroscopy is a powerful experimental tool to obtain information on HB changes through the study of vibrational wavenumber behavior of some modes belonging to amino acid crystals. Interpreting vibrational wavenumbers of amino acid molecules constitutes a complex task because each wavenumber depends on a few force constants of the vibrational modes. Information contained in the Raman spectra of the amino acids can improve the quality of studies regarding HB changes under variation of pressure or temperature, providing new insights to understand the stability of the molecular systems.



The present work investigates the behavior of the torsional vibrational modes of ammonium group from L-valine (VAL), L-isoleucine (ISO), taurine (TAU), and L-arginine hydrochloride monohydrate (AHM) submitted to temperature variation. A comparative study is carried out among these four monocrystals and a discussion related to the behavior of the vibrational modes provides insights about the HB changes and the factors that have influence on the stability of the system.




2. Materials and Methods


Single crystals of good optical quality were grown by slow evaporation of saturated aqueous solution at 294 K. Characterization and crystalline axes were identified from X-ray diffraction data. Stokes-shifted polarized Raman spectra were obtained using a Jobin Yvon Triplemate 64000 micro-Raman system and an argon-ion laser operating at 514.5 nm as the exciting source. A LN2-cooled charge-coupled-device system was employed to record the spectra. The exciting power striking the sample was about 1 mW. The slits were set for a 1 cm−1 spectral resolution. Low-temperature Raman measurements were carried out using a helium closed-cycle refrigeration system. The temperature was monitored by a digital temperature controller unit with a temperature stability of 0.1 K.




3. Results


In Figure 1 we reproduce, for totally symmetric representations, the Raman bands associated with NH3+ torsional vibration recorded at low temperature for the four crystals (VAL, ISO, TAU, and AHM). We remember that the Porto notation z(yy)z, for example, means that light is arriving and leaving the crystal on the z direction, while the polarizations of the incident and scattered beams are parallel to the y axis of the crystal. We also remember that the normal modes can appear at different wavenumber values on different scattering geometries due the fact that they belong to different irreducible representations. However, the important point is that we have chosen a specific scattering geometry and analyzed the NH3+ torsional modes as a function of temperature. Two Raman bands are observed for all the structures; this fact indicates that the NH3+ torsional vibration is non-degenerate at low temperature condition. Similar characteristics are also observed in other amino acid crystals, such as α-glycine [11]. The thermal evolution of the observed wavenumber of the Raman bands is shown in Figure 2.



Table 1 presents parameters of the linear fitting for wavenumber thermal evolution. The decreasing of the wavenumber of the Raman bands associated with NH3+ torsional vibration is observed in all structures, except for the L-isoleucine (band recorded around 480 cm−1).



VAL [12], ISO [13], TAU [14], and AHM [15] crystallizes in monoclinic structure. For VAL, ISO, and AHM, crystals contain two crystallographically independent molecules in the asymmetric unit. These crystals, with one amino group and one carboxylic acid group, crystallize from water as dipolar species known as zwitterions or dipolar ions. Thus, a zwitterion is an organic molecule with a positively charged segment and a negatively charged segment. Zwitterions allow the formation of hydrogen bonds, in the form of N-H+- - -O--C, which are bonds that play a major role in determining the structures of amino acid crystals. Due the fact that HBs are created between zwitterions, the possible structures are confined to a limited number of configurations, i.e., to only energetically stable configurations. Additionally, for AHM crystals the Cl and H2O units work as acceptors. The different molecules and configurations mean that the amino acids have different geometric parameters of their HBs as illustrated in Table 2.



Some HB characteristics, such as equilibrium bond distances, are influenced by temperature and pressure. In other words, the equilibrium bond distance is controlled by a combination of thermodynamics and quantum mechanics effects. In hydrogen-bonded systems, like liquid water, the internal energy associated with a hydrogen bond is a significant fraction of the internal energy of the system [16]. Similarly, the hydrogen bond represents an important fraction of the internal energy of crystals composed by networks of HBs.



The temperature sensitivity of the HBs can be analyzed through the observation of the temperature wavenumber shift of certain phonons by Raman spectroscopy. Several studies in different types of crystalline materials showed that the temperature wavenumber shift of a phonon in a Raman spectrum can be written as the sum of two parcels, e.g., the thermal expansion contribution and the anharmonic contribution [17]. Eventually, these contributions can be inferred from the Raman spectrum with bands associated with modes of low energy. On the other hand, from bands associated with vibrations belonging to CO2 and NH3 groups, one can discover various aspects from conformation of the molecules in the unit cell and the effect of thermodynamics parameters on the hydrogen bonds [18].



Previous studies on the NH3+ torsional mode of amino acids as seen by Raman spectroscopy have revealed interesting aspects of its temperature behavior. In most of the cases, the NH3+ torsional mode is very sensitive to modification of HBs as temperature changes. For α-glycine, the wavenumbers of NH3+ torsional modes remain approximately constant in the temperature range 83–302 K. This fact was interpreted as small or no significant change in intralayer hydrogen bond length in the temperature range investigated [9]. However, the NH3+ group can also play an important role in the dynamic of different amino acid crystals under temperature variation as shown by many studies [19]. Regarding β-glycine, a different behavior compared with the α-glycine example was related with a phase transition observed on cooling at ~250 K [20]. In a study performed on L-alanine crystal, Forss [21] calculated the activation energy for NH3+ reorientation through the analysis of the linewidth of torsional band of the ammonium group. Such a study served as a complementary method to NMR in discovering torsional barrier heights. Additionally, a study presented by reference [22] showed a two-step behavior of the wavenumber of the NH3+ torsional mode as function of temperature and a discontinuity at 220 K. This fact was interpreted as the increase in anharmonicity of the torsional vibrations on heating, as consequence of large amplitude reorientations of the NH3+ group starting from 220 K with switching of the N-H---O HB between two neighboring molecules in the unit cell [22].



From the overview given in the last paragraph, we note the analysis of the torsional vibration of ammonium group can provide information about the HB associated with amino acid crystals. The temperature evolution of the wavenumber of the NH3+ torsional mode in the Raman spectra of VAL, TAU, and AHM observed in Figure 2 and Table 1 (negative angular coefficient dν/dT) reflects the progressive weakening of the HBs with heating due to thermal expansion and anharmonicity. The effect is interpreted in a relatively trivial way—as the bond length increases, there is a reduction of the force constant of the NH3+ torsional vibration. Consequently, the expected effect of weakening of the HBs with temperature is observed.



The presence of the N-H…Cl HBs in L-arginine hydrochloride monohydrate crystals does not change the behavior of the wavenumber of the Raman bands of the NH3+ torsional vibration. This structure does not have truly short HBs. Indeed, the lengths of the HBs in AHM tend to be average or greater, indicating rather weak bonds. Obviously, minimum energy is attained in the crystal by maximizing the number of bonds at the expense of bond strength [15].



The crystal structure of taurine indicates unambiguously that taurine possesses the zwitterion configuration and its structural formula is correctly written as NH+-CH2-CH2-SO3−. The molecules are held together by a three-dimensional network of N-H---O bonds with relatively strong connections [14] (Table 2). This characteristic may be associated with the weak variation observed in the temperature behavior of the Raman wavenumber of NH3+ torsional mode (Table 1).



Now, let us discuss the only crystal among the four previously presented where dν/Dt > 0, i.e., L-isoleucine. In this crystal, different temperature evolution of the Raman wavenumber of NH3+ torsional band occurs, with negative (dν/dT = −0.044 cm−1/K) and positive (dν/dT = 0.023 cm−1/K) slopes as observed in Figure 2 and Table 1. The observation that the Raman bands are shifted to higher wave numbers with increasing temperature can be interpreted as an increase in the force constant of the oscillator from the NH3+ torsional vibration. To explain this effect, we consider that the network of the N-H---O HB of the L-isoleucine structure is very similar to those of the corresponding structure in L-valine [10,11]. However, at room temperature, the L-isoleucine presents a long intermolecular HB with 3.43 Å (145°) (Table 2). The increase in the force constant of the NH3+ torsional vibration may be related to the specific HB changes in the crystalline structure. The long intermolecular HB possibly has important participation in this effect. Long intermolecular HB in L-isoleucine can become most intense on heating due the reduction of the N…O length and the increasing of the bond angles. This effect is possible since amino acid crystals may present contraction in one of their crystallographic axes with temperature increasing, as occurs with L-alanine crystals [23].




4. Conclusions


We have studied the NH3+ torsion vibrational mode of different amino acids addressing the important problem of change of the HBs and structural stability with temperature variation. Our study has provided quantitative information about the temperature evolution of the normal modes associated with the torsion of NH3+ group for four different amino acid crystals. The natural softening of the HBs on heating is observed for L-valine, taurine, and L-arginine hydrochloride monohydrate, as inferred from the negative dν/dT values. From this investigation we were also able to observe that L-isoleucine presents an apparently anomalous behavior, showing a positive dν/dT value. This means that as the temperature is increased, part of the HBs strengthens, possibly as consequence of different temperature lattice parameters variation, which favors decreasing of length of HB on heating.
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Figure 1. The Raman bands associated with the NH3+ torsional vibration at low temperature for L-valine (VAL), L-isoleucine (ISO), taurine (TAU), and L-arginine hydrochloride monohydrate (AHM). 
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Figure 2. Linear fitting for wavenumber thermal evolution of the of Raman bands associated with NH3+ torsional vibration. L-valine (□), L-isoleucine (▪), taurine (◦) and L-arginine hydrochloride monohydrate (●) crystals. 
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Table 1. Parameters of the linear fitting for wavenumber thermal evolution of the Raman bands, ν (T) (cm−1) and dν (T)/dT (cm−1/K), associated with NH3+ torsional vibration for L-valine, L-isoleucine, taurine, and L-arginine hydrochloride monohydrate crystals.
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	Sample
	ν (T) (cm−1)
	dν (T)/dT (cm−1/K)





	L-Valine
	514.37

504.48
	−0.04877

−0.04325



	L-Isoleucine
	500.51

481.59
	−0.04408

0.02324



	Taurine
	477.17

469.04
	−0.00415

−0.00323



	L-Arginine Hydrochloride Monohydrate
	468.03

449.54
	−0.04859

−0.01906
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Table 2. Comparison of geometric parameters of the hydrogen bonds (HBs) for four different amino acid structures: Bond distances (N…O) Å [bond angles (C-N…O) °].






Table 2. Comparison of geometric parameters of the hydrogen bonds (HBs) for four different amino acid structures: Bond distances (N…O) Å [bond angles (C-N…O) °].





	
L-Valine [12]

	
L-Isoleucine [13]

	
Taurine [14]

	
L-Arginine Hydrochloride Monohydrate [15]






	
2.87 [115]

2.79 [109]

2.85 [86]

3.19 [145]

2.88 [114]

2.78 [111]

2.91 [106]

3.06 [145]

	
2.84 [87]

2.86 [119]

2.81 [113]

3.43 [145]

2.79 [107]

2.84 [115]

2.99 [139]

3.028 [100]

	
2.79 [166]

2.89 [162]

2.93 [110]

3.01 [132]

2.92 [133]

	
2.92 [173]

2.80 [173]

3.07 [155]

2.97 [168]

2.90 [167]

2.98 [157]

	
2.78 [175]

2.84 [153]

3.29 [164]

3.03 [164]

2.88 [169]

2.96 [159]
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