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The Infrared Spectrum of Solid L-Alanine: Influence of pH-Induced Structural Changes
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The influence of the pH on the infrared spectrum of L-alanine has been analyzed by diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopy. The amino acid was precipitated from aqueous solutions and dried
at 36.5 °C, in order to stabilize cationic L-alanine or alaninium [CH;CH(NH;")COOH] at pH 1, the zwitterionic
form [CH;CH(NH;")COO™] at pH 6, and anionic L-alanine or alaninate [CH;CH(NH,)COO™] at pH 13.
New insight on the specific inter and intramolecular interactions in the different forms of L-alanine was reached
by a novel methodological approach: an infrared technique not used before to analyze solid amino acid samples
(DRIFTS), in combination with a detailed analysis based on spectral deconvolution. The frequency ranges of
interest include the carbonyl/carboxyl stretching and amine deformation modes and the OH/NH stretching
modes. It was shown that intermolecular hydrogen bonds between the NH;* and COO™ groups are predominant
in the zwitterionic form, whereas in cationic L-alanine, H bonds between the COOH groups are responsible
for the formation of dimers. In anionic L-alanine, only strong electrostatic interactions between the COO™

groups and Na™ ions are proposed, evidencing the relevant role of the counterion.

1. Introduction

L-alanine is the simplest chiral amino acid present in nature
and is therefore an excellent model for understanding general
structural and chemical properties of amino acids. Depending
on the medium, the L-alanine molecule can be stabilized in
different forms, schematized in Figure 1: neutral [CH3;CH(NH,)-
COOH], zwitterionic [CH;CH(NH3")COO™], cationic or alani-
num ion [CH3;CH(NH3;")COOH], and anionic or alaninate ion
[CH;CH(NH,)COO™].

The neutral form is observed in the gas phase and in inert
matrix and, as a result of its flexibility, occurs in a large number
of rotational conformers, the geometries of which were assessed
by ab initio quantum chemical calculations' and by density
functional theory (DFT).>? Some of the conformers are stabi-
lized by intramolecular hydrogen bonds, namely, the most stable,
where a hydrogen bond is formed between the carbonyl oxygen
and one amine hydrogen.*> The preferred conformational
structures were also characterized by millimeter-wave spectros-
copy® and more recently by laser-ablation molecular-beam
Fourier transform microwave spectroscopy (LA-MB-FTMW).”

The zwitterionic form is predominant in the crystalline state
and in aqueous solutions in a wide pH range.®° The crystalline
structure, formed by hydrogen-bonded columns of molecules,
was determined by X-ray diffraction'” and by neutron diffrac-
tion!! as orthorhombic, with four molecules per unit cell. The
influence of the interactions between zwitterionic L-alanine
(among other amino acids) and hydrogen bond acceptors and
donors on the conformational stability has been emphasized by
ab initio methods.!?

The stabilities of the cationic and anionic forms in aqueous
solution depend on the pH, because L-alanine has two acid—base
equilibria, with pK, 2.35 and 9.87, at 25 °C,3 respectively:
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CH,CH(NH,")COOH = CH,CH(NH, " )COO + H" (1)
CH,CH(NH, ") COO™ = CH,CH(NH,)COO™+ H" (2)

Taking into account the pK, values and overlooking the buffer
effect, simple calculations show that, at 25 °C, above pH 11,
more than 90% of L-alanine molecules in aqueous solution are
anionic, whereas below pH 1.5, more than 90% are in the
cationic form. Between pH 4.5 and 7.5, L-alanine is almost fully
zwitterionic (more than 99%). In solid phase, the cationic form
has been stabilized as mono-L-alaninium nitrate, by drying a
solution of L-alanine in nitric acid. A network of hydrogen bonds
between alaninium cations and NOs;~ anions results in an
orthorhombic structure.'* The anionic form of L-alanine has also
been stabilized by adsorption from the gas phase onto the clean
Cu(110) surface'>'7 and onto evaporated copper films,'® as well
as by adsorption on Ag colloidal particles in an aqueous phase.'®

Vibrational spectroscopy, among other techniques, has played
a determining role in characterizing the different forms of
L-alanine, mainly through the spectral features associated with
the two functional groups (NH/NH;™ and COOH/COO™) and
through modifications induced by isotope effects.?>?2 This is a
complex task because of the large overlap of frequencies
characteristic of those groups and also because of overtone and
combination bands. For neutral L-alanine, a successful correla-
tion between the mode frequencies calculated by DFT for the
different conformers and the values obtained in matrix-isolation
infrared studies was achieved.’ For zwitterionic L-alanine, it was
shown that the three N—H bonds may become inequivalent
because of intermolecular NH3;T/COO™~ hydrogen bonds of
unequal strength.!%? The different types of H bonds in
polycrystalline L-alanine have been identified by making use
of isotopic shifts and temperature dependence of the FTIR
spectra.>* Although the vibrational spectrum of zwitterionic
L-alanine is not much affected by the medium polarity,? it was
shown that, in aqueous solution, it is sensitive to the arrangement
of the neighboring water molecules, shifting with respect to the

UJ 2008 American Chemical Society

Published on Web 08/15/2008



pH-Induced Structural Changes on Solid L-Alanine

(a) (b)

J. Phys. Chem. A, Vol. 112, No. 36, 2008 8281

(d)

Figure 1. Ball and stick models of the different forms of L-alanine, optimized by energy minimization (Chem 3D Ultra 8.0.3). (a) nonionized, (b)
zwitterionic, (c) cationic, (d) anionic. Red, oxygen; blue, nitrogen; dark gray, carbon; light gray, hydrogen.

neutral gas and solid phases.?2” This effect is stronger for
groups involved in specific interactions, namely, in the N—H
stretching modes that undergo a downshift of ~500 cm™! with
respect to those of the free monomer. Additionally, theoretical
data point to one amino hydrogen being involved in an
intramolecular H bond, whereas the other two interact with water
molecules.?® Vibrational circular dichroism has been extremely
useful to clarify the interpretation of the N—H and C—H
stretching regions of solid state D and L-alanine.?02%-30

Most of the work published on the vibrational modes of
L-alanine regards neutral and zwitteronic forms, under different
approaches: (i) theoretical calculations by ab initio and DFT
methods,”® (ii) experimental studies on isolated molecules in
Ar matrix at low temperature,’! (iii) infrared and Raman spectra
of L-alanine oriented single crystals,?'?? and (iv) reflection—
absorption spectra of alanine adsorbed onto clean and well-
defined metal single crystal surfaces, prepared in ultrahigh-
vacuum environments, such as Cu(110).!5 The vibrational
spectra of the ionic forms of L-alanine have not received as
much attention. Anionic L-alanine in solution was analyzed by
polarized Raman spectroscopy, in comparison with other amino
acids of longer alkyl chains,?* and adsorbed on Cu(110) as a
function of coverage and temperature, by RAIRS.3* FTIR and
FT Raman analysis of solid salts, such as L-alaninium nitrate'4
and S-alanine S-alaninium picrate crystals, allowed the
identification of an extensive network of intermolecular hydro-
gen bonding.

In the present work, the diffuse reflectance infrared Fourier
transform (DRIFT) spectra of L-alanine in the mid-infrared
region are analyzed for solid samples obtained by solvent
evaporation from aqueous solutions prepared at different pH
values (1, 6 and 13). These were chosen in order to stabilize
different L-alanine forms in solution (cationic, zwitterionic, and
anionic), which are retained in the resulting dry solid phase
according to the present DRIFT data, similarly to what occurs
with other amino acids, namely, glycine.® The spectral decon-
volution in the regions corresponding to the carboxylate/carbonyl
stretching modes and amine deformations and to the amine and
hydroxyl stretching modes allowed concluding on the predomi-
nant interactions in the different forms of the solid amino acid.

2. Experimental Section

Aqueous solutions (~0.1 M) of L-alanine (Aldrich, 99%) were
prepared at pH 1, 6, and 13, by using as solvent a 0.15 M
solution of HCI (Aldrich Fixanal 0.5 M), bidistilled water, and
2 0.15 M solution of NaOH (Aldrich, 97+%), respectively. They
were kept at 36.5 °C in an incubator with continuous orbital
stirring (100 rpm) until complete solvent evaporation (~96 h).
The residual water was subsequently removed, at the same
temperature, in a vacuum oven (at ~107* mbar, for 24 h).

Because the dried L-alanine samples were visually different,
ranging from needle-shaped crystals (pH 1) to a fine powder
(pH 6) and a gel-like solid (pH 13), they were analyzed by
X-Ray diffraction. The powder XRD patterns were recorded
on a Panalytical X Pert Pro diffractometer by using Cu Ka
radiation filtered by Ni, a X’Celerator detector, and a zero
background silicon substrate as sample holder. Several diffrac-
tograms were recorded for each sample, with different grinding
degrees.

The molecular structures of the different samples as well as
that of untreated L-alanine were analyzed by diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS). The sample
preparation consisted simply of grinding a mixture of KBr
(Sigma-Aldrich, FTIR grade) and each sample powder, in
appropriate weight proportions to obtain spectral absorbance
in the range of applicability of the Kubelka—Munk transforma-
tion.3” The amount of sample in the sample holder was consistent
with infinite thickness. The DRIFT spectra were collected at 4
cm™! resolution, with a Mattson Research Series 1 FTIR
spectrometer, by using a wide-band MCT detector (4000—400
cm™!) and a Graseby/Specac Selector (with specular reflection
blocker). The spectra were the ratio of 500 single beam scans
of the sample to the same number of background scans for pure
KBr. No baseline corrections were made. The diffuse reflectance
spectra were transformed to Kubelka—Munk units.3’

3. Results and Discussion

The DRIFT spectra of solid L-alanine, untreated and after
precipitation from aqueous solutions at different pH values, are
shown in Figure 2A,B for the 2000—4000 and 450—1900 cm™!
wavenumber regions, respectively. The proposed band assign-
ments resulting from a brief spectral analysis are summarized
in Table 1. Numerous references were considered, because there
is no general agreement in the literature. As mentioned above,
this is a consequence of band overlapping, mode mixing,
overtones, and Fermi resonance bands, which were taken into
account.

The spectra of L-alanine dried from a pH 6 solution and
untreated are similar, with the characteristic pattern of the
zwitterionic form [CH;CH(NH;1)COO™]:%38 the strong bands
associated with NH3* fundamental modes (stretching at 3080
and 2988 cm™! and antisymmetric deformation at 1590 cm™!)
and with the v,;OCO~ and v{OCO~ modes, at 1620 and 1360
cm™ !, respectively. The medium intensity modes of NH3™ (ds,
o, and T at 1519/1507, 1237, and 486 cm™!, respectively) are
additional confirmations.?* The downward shift and broadness
of the YNH3™ and vOCO™ bands with respect to those predicted
by Hartree—Fock (HF/SCRF) calculations for monomeric
zwitterionic L-alanine suggest significant hydrogen bonding
between the amino and carboxylate groups,>>° with potential
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Figure 2. DRIFT spectra of untreated L-alanine and after precipitation from aqueous solutions at the indicated pH. The spectra were normalized
to the maximum of the low-wavenumber region. The scale factors in regions A and B are different for better visualization.

TABLE 1: Vibrational Frequencies and Proposed Band Assignments of Untreated L-Alanine and Precipitated from Aqueous

Solutions at Different pH Values®

untreated pH 1 pH 6 pH 13 assignments™!416.23.28.31,36,38.41.42
3422(vw) vOH
3322(5) ’VNH2
gfggg VOH andv,NH;"
3083(5) 3080(3) ’VuSNH3+
2988s) 2979, 2988s) vsNH3™
2940(m) 29 10(5) 2940(m) 2975(5) ’VuSCHg
2888sh) 2884 sy 2938m) v,CHj3
2800—1800 2800—1800 2800—1800 overtones, Fermi resonances, and combination bands
1723 vs) vC=0 (dimers)
1621(\/5) 1620(\/5) V,s0CO~
1594 vs,) 1602 my/ 1582y 1590vs,) O0asNH;3 "
158 l(vs) ’VuSOCO_/(SSCNHz
15190/ 1506y, 15190/ 1507 ) O.NH5*
1493 vs)
1456m) 1468m) 1455, 1461, 0.sCH;
1413, 1416m) 1412, 1415, 0,CH;
1382 my/1346(m) Comb. vC—0 and dOH (dimers)
1362, 1360, 1368, r,0CO~
1307, 1310w 1307s) 1305(s) OCH
1237(m> 1237(m) pNH3+
12285/1197 s, vC—0O (dimers)
1195 (m) wN Hz
1152y, 1132m) 1152m) pNH;*
1114(m> 1115(5) 1114(m) IIIO(W)/1071(W) pNH3+/’V CcC
1015(m) 1005w 1015(m) 1023y, pCHs/ vCN
975(m) O0OH=+-0 o0.0.p. (dimers)
919m) 917 (m) 919m) 923w) pCHj3
850(m) 849 (m) 828m) 00CO™ i.p.
8445)/819s)/797s) 00-CO i.p./yCOH
772(,“) 772(m) 778(W) '}/OCO_
734y 734w 7CC/wCH
649(m) 649(m) 635w 00CO™ 0.0.p.
611(m) 00CO 0.0.p. (dimers)
541s) 539s) 536w 0CCO/ONCC
517 m) wOCO (dimers)
486(.“) 486(m) ‘ENH3+

4 VS, very strong; S, strong; m, medium; w, weak; vw, very weak; sh, shoulder; sc, scissors; 0.0.p., out of plane; i.p., in plane.

formation of a three-dimensional network.!! Besides, the absence
of well-defined NH;3" stretching modes in the 3100—3300 cm™!
range is indicative that there are no significant amounts of free

amine groups, that is, nonassociated L-alanine monomers.® The
2000—4000 cm ™! region is not well resolved because of band
overlapping and intermolecular coupling, which render the
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TABLE 2: Summary of the Deconvolution Results (Positions and Relative Areas of the Components) Obtained for Untreated
L-Alanine and Dried from a pH 6 Solution

wavenumber/cm ™! (% area)

3113 (15.8) 3085 (5.3) 3015(16.3) 2984 (1.2) 2942 (2.1) 2899 (15.3) 2804 (6.9) 2732 (22.4) 2604 (7.7) 2514 (4.2) 2451(0.8)
3105 (25.4) 3086 (3.4) 3007 (11.1) 2985 (0.3) 2939 (0.7) 2889 (21.7) 2807 (3.1) 2735 (16.6) 2603 (10.7) 2511 (4.4) 2464 (0.4)
vNH (H bonded) vNH; (free) v,;CHj v, CH3¢ overtones and combination bands

untreated 3231 (2.0)
pH6 3258 (22)
assign. v, NH3" (free)

untreated 1645 (8.9) 1623 (24.8) 1596 (46.2) 1557 (12.3) 1521 (2.4) 1506 (5.4) 1378 (3.9) 1362 (96.1)

pH 6 1646 (8.8) 1622 (24.0) 1593 (39.1) 1555 (17.5) 1521 (2.0) 1506 (8.6) 1378 (6.8) 1360 (93.2)

assign. 1,5s0CO~ (intramol.  v,,OCO~ (H bonded) ONH;* (H bonded) ONH; " (intramol. H bonded ~ v;OCO~ (intramol. v,OCO~ (H bonded)
H bonded) and free) H bonded)

¢ In Fermi resonance with 20,,CHjs.

TABLE 3: Summary of the deconvolution results (positions and relative areas of the components) obtained for L-alanine dried

from a pH 1 solution.

wavenumber/cm™! (% area)

3209 (3.0) 3161 (1.3) 3109 (29.7) 2986 (14.0) 2906 (6.6) 2824 (29.1) 2701 (3.1) 2615 (6.2) 2573 (0.9) 2534 (2.9) 2493 (0.4) 2464 (2.8)
assign. v, NH;" (free) vNH (intramol. vOH (H bonded) v{NH3" (free) v,,CHj vsCHj; overtones and combination bands
H bonded
1724 (44.2) 1680 (3.3) 1647 (5.2) 1603 (7.2) 1580 (7.7) 1504(8.7) 1491 (13.5) 1466 (4.2) 1417 (6.0)

assign. vC=0 (H bonded) vC=O0 (intramol. v,;OCO~ (zwitt) 0, NH;" (intramol. 0,NH3" (free) ONH;* (intramol. ONH;" (free) 0,CHj J,CH;

H bonded) H bonded)

H bonded)

TABLE 4: Summary of the Spectral Deconvolution Results (Positions and Relative Areas of the Components) Obtained for

L-Alanine Dried from a pH 13 Solution®

wavenumber/cm ™! (% area)

3505 (18.4)
assign. vasNHa (free)

3319 (29.2) 3151 (18.2)
vsNH, (free) V2sCH3

2978 (12.9)

2935 (12.1) 2737 (5.8) 2647 (0.4) 2552 (3.0)
v,CH; overtones and combination bands

1630 (20.0) 1580 (28.4) 1526 (1.3) 1500 (4.1) 1468 (14.2) 1446 (2.7) 1414 (8.8) 1392 (0.6) 1370 (11.1) 1304 (8.8)

assign. Oy NH» 1,,0CO~ 1,,OCO~*

@ - scissors mode. ? - from sodium carbonate
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Figure 3. Powder X-ray diffraction patterns of the solid L-alanine
samples dried from aqueous solutions at the indicated pH.

intensity comparison difficult. Nevertheless, the v,CHs mode
appears clearly at 2940 cm™!. Below 2800 cm™!, a number of
overtones, combination, and Fermi resonance bands appear.??
In the C—H deformation region, 0,,CHjz (1455 cm™!), 6,CH;
(1412 cm™"), and OCH (1307 cm™!) bands are very well defined.
An independent confirmation of the predominant form of
L-alanine in this sample was provided by the powder XRD
pattern (Figure 3), which is typical of the zwitterionic structure.*

The presence of the L-alanine protonated cation
[CH;CH(NH;")COOH] in the sample dried from a pH 1 solution
is evidenced by two very strong bands in the spectrum (Figure
2): the vC=0, at 1723 cm™!, and the O ,NH3", at 1493 cm™!.
The stretching region is broad, with relative maxima at 3203,

6asCH3 6SCH3

r,0CO™"  y,0CO~ 0CCH

3160, 2979, and 2910 cm™, the last two assigned to the v;NH3 "
and v ,sCH3z modes, respectively. The others result from the
overlapping of v,,NH3" and vOH modes and are difficult to
identify at this point. Their assignment will be addressed later.
Anyway, the downward shifts of the vC=0O and vOH bands
with respect to neutral monomeric alanine3'3° point to the
existence of intermolecular hydrogen bonds involving the
carboxylic acid group. Characteristic bands of amino acid dimers
are observed, such as the doublets at 1228/1197 cm™!, assigned
to the vC—O mode,* and at 1382/1346 cm™!, assigned to the
combination of the vC—O and dOH modes.'* Other features
detected only in this sample may also correlate with acid dimers,
as indicated in Table 1. Because these bands regard only the
carboxylic acid group, we are driven to propose that the
hydrogen bonds responsible for this dimeric arrangement involve
mostly these groups. The powder XRD pattern (Figure 3)
suggests a well-crystallized structure, given the low baseline
and the sharpness of the main peaks. However, the crystalline
arrangement is clearly different from that of zwitterionic
L-alanine. The lower number of diffraction peaks is consistent
with a more constrained orientation of L-alanine in the crystal
(that may be due to the presence of the above referred dimers).

The spectrum of L-alanine precipitated from the solution at
pH 13 (Figure 2) shows a broadband with apparent maximum
at 3322 cm™!, tentatively assigned to a vNH, mode.” This
feature, associated with the strong bands at 1581 and 1368 cm™!
(V,s0CO~/0s.NH; and v;OCO~ modes, respectively), points to
a large predominance of alaninate ion [CH;CH(NH,)COO~].3¢
The CHj; related modes are more evident in the deformation
region, at 1461 cm™' (d,) and 1415 cm™! (Js), but an
antisymmetric stretching mode and a symmetric stretching mode
may also be identified at 2975 and 2938 cm™!, respectively.>!d
The strong band at 1305 cm™! was assigned to the 9CH mode.
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Figure 4. Deconvolution of the DRIFT spectra of untreated L-alanine

(A) and after precipitation from an aqueous solution at pH 6 (B) in the

2400—3400 cm™! region.

The poor resolution of this spectrum in both wavenumber
regions may be due to an agglomeration of smaller crystals, as
suggested by the gel-like appearance of the sample after drying.
In fact, it produced a more complex powder XRD pattern
(Figure 3), pointing to the presence of a predominant crystalline
phase with similarities to the zwitterionic structure, plus minor
amounts of different structures of sodium carbonate.*?

From the previous brief analysis, it becomes clear that
L-alanine precipitated from aqueous solutions at pH 1 (HCI)
and 6 and 13 (NaOH) crystallizes as alaninium chloride (needle-
shaped crystals), zwitterionic L-alanine (powder), and sodium
alaninate (with residual sodium carbonate), respectively. There-
fore, as previously observed for glycine,?¢ L-alanine retains the
predominant form in solution (at pH 1, the cationic form of
L-alanine exceeds 96%, and at pH 13, more than 99% cor-
respond to the anionic form).

Although the identification of the L-alanine form in each solid
phase was straightforward from the DRIFT spectra, the specific
interactions between amino acid molecules and the eventual
three-dimensional structures formed were not understood be-
cause of the partial band overlap, especially in the high-
wavenumber region. The novelty introduced in this work is to
clarify those interactions through a detailed spectral analysis
achieved by deconvolution in two regions corresponding to the
carbonyl/carboxyl stretching and amine deformation modes and
to the OH and NH stretching modes. The exact wavenumber
range varied, depending on the particular spectrum.

A nonlinear least-squares fitting method was used, assuming
Gaussian band profiles for all the components. No baseline
corrections were made, and no restrictions were imposed on
the band positions and widths. The band positions were
confirmed by the second derivative of the spectra. The best fits
were obtained with > ~ 1077 and a correlation coefficient of
0.999.

3.1. Untreated L-Alanine and L-Alanine Dried from a pH
6 Solution. The spectral deconvolutions in the 2400—3400 cm™!
range for untreated L-alanine and dried from a pH 6 solution
are shown in Figure 4. In the low-frequency range, two separate

Garcia et al.

regions were considered, as shown in Figure 5, 1330—1390
cm~! and 1470—1700 cm™ .

The deconvolution results for the two samples are very much
comparable and are summarized in Table 2

The components assigned to the v,s and vs modes of free
NH;" groups in the two samples (columns 2 and 6 of Table 2)
represent a small fraction of the corresponding total band
intensity, which means that only a few of these groups are not
interacting. The large shift between the antisymmetric modes
in the two samples (27 cm™') may be explained by the presence
of different conformations of zwitterionic L-alanine. The
broadband assigned above to the v,,NH;" mode, with maximum
at ~3080 cm™!, includes in fact three components, compatible
with non equivalent N—H bonds that result from hydrogen
bonds of different strengths, either inter- or intramolecular.?*
The components retrieved at 2899 cm™' (untreated) and 2889
cm™! (pH 6) are most probably due to the symmetric CHj
stretching mode, owing their intensity to Fermi resonance with
the first overtone of the antisymmetric CH; deformation.?0:14

Two components were identified for the symmetric and
antisymmetric stretching modes of the carboxylate group. The
lower-wavenumber components are predominant (at 1622 cm™!
for v,,OCO~ and 1360 cm™! for »,OCO™), confirming the
extensive intermolecular H bonding involving this group. The
minor ones, at 1646 and 1378 cm™!, may be correlated with
less interacting carboxylate groups, possibly in intramolecular
H bonds. Good correlation was obtained from the deconvolution
in the NH3™ deformation region, where, instead of the antisym-
metric and symmetric vibrations, four components were recov-
ered. The two minor components at lower frequencies (less
affected by specific interactions) were tentatively assigned to
intramolecularly bonded and/or free amine groups, at 1521 and
1506 cm™!, respectively. Similarly to what was already known
for crystalline L-alanine, the detailed assignment achieved by
spectral deconvolution adds support to extensive intermolecular
hydrogen bonding between the NH;* and COO~ groups of
zwitterionic L-alanine dried from an aqueous solution at pH 6.
Some weaker intramolecular hydrogen bonds between the same
groups are also proposed.

3.2. L-Alanine Dried from a pH 1 Solution. For L-alanine
dried from a pH 1 solution, the spectral deconvolution was made
in the 2400—3400 and 1390—1800 cm™! wavenumber ranges
(Figure 6).

The deconvolution results and proposed assignments are
summarized in Table 3

The spectral deconvolution in the stretching region allowed
retrieving a major component with maximum at 3109 cm™! that,
given its broadness and shape,’® has been assigned to the
stretching mode of OH groups involved in a diversity of
hydrogen bonds. Taking into account the frequency of this mode
in association with the vC=0O dominant component, at 1724
cm™, it follows that the carboxylic acid groups must be involved
in hydrogen bonds, forming dimers, small chains, or clusters.
As found for the acid salt of glycine,3® dimers will most probably
form by resulting from two equivalent hydrogen bonds
(C=0-+-HO) between the carboxylic groups of two acid
molecules. Amino acid dimers resulting from hydrogen bonds
between the C=0 and NH3™ groups of a neutral and a cationic
form (proton bond dimers) were observed by electrospraying
an aqueous solution of alanine.** Because these alanine dimers
give rise to vC=0 bands at 1787 and 1730 cm™1,* it is possible
to exclude their formation in the present sample of alaninium.
The minor ¥C=0 overlapping component, at 1680 cm™!, is also
assigned to hydrogen-bonded carbonyls, more strongly interact-
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Figure 5. Deconvolution of the DRIFT spectra of untreated L-alanine (A) and after precipitation from an aqueous solution at pH 6 (B) in the
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Figure 6. Deconvolution of the DRIFT spectrum of L-alanine after
precipitation from an aqueous solution at pH 1 in the (A) 2400—3400
and (B) 1390—1800 cm™! regions.

ing, possibly with the NH3;" group of the same ion.*?> The
existence of a small fraction of strongly hydrogen-bonded NH;™
groups was confirmed by the minor components retrieved in
the O,NH;™, 0,,NH3;™", and vNH bands at 1504, 1603 and 3161
cm™!, respectively. The deconvolution of these bands also
allowed assigning to non-hydrogen-bonded NH;" groups the
main components at 1491 cm™! (J5), 1580 cm™! (J,), 2986
cm™! (v), and 3209 cm™! (v4). Therefore, whereas free amine
groups are in majority, most of the carboxylic acid groups are
engaged in the formation of dimers.

The role of the counterion (C17) is clearly very different from
that observed in mono-L-alaninium nitrate crystals, where NO3;~
is directly involved in the crystalline packing by bridging two

alaninum ions through hydrogen bonds with an OH and an NH3™
group.'* In the present case, the interactions will be mostly
electrostatic between Cl~ and the alaninium NH3* groups,
leaving the carboxylic acid groups free to interact between them.

As in the previously discussed samples, the high intensity of
the CH3 symmetric stretch is certainly due to Fermi resonance
with 20,CHj3. Finally, the small component at 1647 cm™! (~5%
of the spectral area between 1400 and 1800 cm™') may correlate
to a minor fraction of zwitterionic L-alanine.

3.3. L-Alanine Dried from a pH 13 Solution. The spectral
deconvolution of the L-alanine sample obtained by drying a pH
13 solution was performed between 2400 and 3800 cm™! and
between 1250 and 1750 cm™! (Figure 7 and Table 4).

The broad high-wavenumber region was resolved into a
number of components that led to a more accurate assignment
than that above. The components retrieved at 3505 and 3319
cm™! have been assigned to the v,;NH, and v{NH, modes of
free groups. In fact, these modes are expected to shift to lower
wavenumbers when the NH, groups are metal coordinated or
intramolecularly H bonded.>!8 This assignment is confirmed by
the spectral deconvolution in the low-wavenumber region, where
the NH, scissors mode was retrieved at 1630 cm™!, shifted to
lower wavenumbers with respect to neutral L-alanine,’ and
coincident with that obtained for alaninate ion adsorbed on
copper films.'® Although it is difficult to accept that NH, does
not interact by hydrogen bonds, the deconvolution results do
not detect aggregation involving these groups in this sample of
solid L-alanine.

The second strong component of the band at ~1581 ¢cm™!
(at 1580 cm™!) was assigned to the v,;OCO~ mode, despite the
large shift when compared to zwitterionic L-alanine (1646 and
1622 cm™!, depending on the type of H bond, see Table 2). It
is known that strong electrostatic interactions between the
carboxylate group of a zwitterionic or anionic amino acid and
a metal cation, such as Na*t, may lead to the formation of a salt
bridge so stable that it induces the transition from neutral to
zwitterionic amino acid in the gas phase.*® In concentrated
aqueous lithium alaninate solutions, it was proved that the first
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Figure 7. Deconvolution of the DRIFT spectrum of L-alanine after
precipitation from an aqueous solution at pH 13 in the (A) 2400—3800
and (B) 1250—1750 cm™! regions.

coordination shell of the cation Li* includes two alaninate ions,
coordinated to Li* by one carboxyl oxygen atom.*’ Therefore,
in the present sample of sodium alaninate, the large frequency
shift in the v,;OCO~ mode would be expected.

In what concerns the CH3 groups, the components associated
with the stretching modes (v,sCH3 at 3151/2978 cm™! and vCH3
at 2935 cm™!) are shifted to higher wavenumbers with respect
to the other alanine solid samples discussed above. Because
these values are in good agreement with those obtained for
alaninate ion in aqueous solution*® and adsorbed at high
coverage on Cu(110),'>-16 it is possible that the substitute NH;
in the chiral carbon (instead of NH3") may induce this shift by
a charge density effect. On the other hand, given the frequency
of the v¢CHs, the resonance with the overtone of the methyl
deformation is no longer responsible for the intensity enhance-
ment of this mode.

Accounting for the presence of sodium carbonates traces,
suggested by the XRD pattern, very small components were
found at 1526, 1500, and 1392 cm™!, assigned to the antisym-
metric and symmetric OCO stretching modes of those species.

4. Conclusions

The DRIFT spectra of solid L-alanine dried from aqueous
solutions at different pH values allow gaining insight on the
specific intra- and intermolecular interactions in the amino acid
form predominant upon drying (cationic at pH 1, zwitterionic
at pH 6, and anionic at pH 13). This is achieved by a detailed
band assignment, obtained by spectral deconvolution in two
frequency regions (~2400—3500 and ~1400—1700 cm™!). The
results on alaninium chloride and sodium alaninate are particu-
larly interesting because they were never reported. The spectral
profiles are consistent with well-ordered structures of zwitteri-
onic and cationic L-alanine, confirmed by powder XRD patterns.
The spectra of zwitterionic L-alanine (untreated and dried from
a pH 6 solution) suggest extensive intermolecular hydrogen
bonding between the NH;" and COO~ groups, plus some
weaker intramolecular hydrogen bonds between the same
groups. In L-alaninium, most of the carboxylic acid groups are

Garcia et al.

involved in two equivalent (C=0-++HO) hydrogen bonds, with
formation of dimers, whereas most of the NH3™ groups are free
or interacting electrostatically with the counterion C1~. Evidence
of some (NH+++-O=C) intramolecular H bonds is also obtained.
In the anionic form of L-alanine, there is no evidence of
interactions by H bond: the NH; groups are mostly free, and
the carboxylate groups interact strongly with the counterion Na*.
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