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Abstract  

We present infrared photodissociation spectra of messenger-tagged, deprotonated valine and 

deprotonated aminovaleric acid, showing the difference in the vibrational spectra of isomers with 

the same functional groups. Through comparison of experimental results and density functional 

theory calculations, we find that the deprotonated states of both valine and aminovaleric acid adopt 

a configuration in which the carboxylate group forms a hydrogen bond with the amine group. 

Despite the similarities of the intramolecular hydrogen bonding, the spectra of the two molecules 

under study are sufficiently different to use the IR signatures of the carboxylate and amine 

functional groups as a means to distinguish between them. The conformational search in the case 

of aminovaleric acid is particularly challenging due to the large number of possible conformations 

induced by torsion around individual carbon-carbon bonds. For both valine and aminovaleric acid, 

their IR spectra in their deprotonated states suggests that two of the lowest energy conformers are 

likely to be populated.   
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Introduction 

Infrared (IR) spectroscopy is a powerful tool to investigate molecular structure.1-4 Examples 

range from the analysis of naturally occurring functional groups in peptides and proteins, such as 

amides and their associated vibrational bands,5-8 to the application of artificial site-specific probes, 

e.g., nitriles.9-13  For analytical applications, the detection of signatures of specific functional 

groups can aid in the identification of molecules in complex mixtures, but significant challenges 

can remain, even in the case of relatively small molecules. 

One analytical application that has recently been proposed14, 15 is to use a combination of IR 

spectroscopy and mass spectrometry for unambiguous detection of biosignatures on planetary 

probes, where an IR spectroscopy channel combined with mass selection could aid in 

distinguishing molecular ions with the same mass-to-charge ratio and even the same atomic 

composition, but different molecular structure. An important question in this context is whether 

molecules with the same functional groups will display vibrational signatures that are sufficiently 

different to allow distinguishing them. A useful case study to address this question is a comparison 

of the over 30 different isomers16 of valine. Four of these have both a carboxylic acid and an amine 

functional group, namely valine, norvaline, isovaline, and aminovaleric acid (see Supporting 

Information), and the three former have been detected in both the Murchison meteorite and in 

Urey-Miller type spark experiments.17  

As α-amino acids, valine, norvaline, and isovaline are structurally very similar, with the amine 

group (-NH2) and the carboxylic acid group (-COOH) connected to the same carbon atom. In 

typical mass spectrometry applications, such molecules would either occur protonated at the amine 

group or deprotonated at the carboxylic acid group, and the close vicinity of these two groups 

results in significant hydrogen bonding (H-bonding) interactions between them.14, 17 In contrast, 
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aminovaleric acid (AVA) has the amine and carboxylic acid groups at opposite ends of an aliphatic 

chain, allowing H-bonding interaction only if this chain bends to form a ring-like structure. 

In the present work, we use cryogenic ion vibrational spectroscopy to investigate the H-bonding 

interaction between carboxylate and amine groups in the deprotonated states of valine and 

aminovaleric acid. We focus on the antisymmetric OCO stretching, NH2 bending, and NH 

stretching modes, and how their behavior differs across these two molecules. 

 

Methods 

Here, we provide only a brief description of the experimental setup as it has been described 

in detail in previous work.18 We prepared the deprotonated molecular species under study by 

electrospray ionization (ESI) of 1 mM solutions of L-Val (Sigma-Aldrich) and AVA (Sigma-

Aldrich) in 2:1 acetonitrile (Thermo Fisher Scientific) and water, with drops of aqueous potassium 

hydroxide (Fisher Scientific) added until the solutions reached a pH of 12. All chemicals were 

used without further purification. Electrosprayed microdroplets entered the vacuum system 

through a heated desolvation capillary (80 °C), and the ions resulting from desolvation passed 

through a skimmer. They were then transferred by a series of octopole ion guides and other ion 

optics into a Paul trap mounted on a closed cycle He cryostat held at ca. 30 K. In the trap, the ions 

were cooled through collisions with a buffer gas (10% D2 in He) and tagged with a single N2 

molecule. The ions were ejected from the trap at a repetition rate of 10 Hz.  

  The trapped ion packet was injected into the acceleration region of a time-of-flight mass 

spectrometer, and target ions [Val-H]- or [AVA-H]- (abbreviated M-) were subsequently mass-

selected using an interleaving comb mass gate and irradiated with the output of a tunable 

OPO/OPA (LaserVision).  Photofragments M- following the reaction 
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𝑀𝑀− ⋅ 𝑁𝑁2  + ℏ𝜔𝜔𝐼𝐼𝐼𝐼 → 𝑀𝑀− + 𝑁𝑁2 

were separated from undissociated parent ions in a two-stage reflectron. Then, the photofragment 

ion intensity was monitored as a function of IR wavelength on a microchannel plate detector. To 

improve the signal-to-noise ratio and to ensure reproducibility, multiple spectra taken over several 

days were averaged for each species. Spectra were calibrated to the known spectrum of acetone16 

using a photoacoustic cell.  

Structures of the species under study were calculated using DFT,19 employing the B3LYP 

functional20, 21 and cc-pVTZ basis sets22, 23 for all atoms. We note that while the reported structures 

and spectra do not include the tag, exploratory calculations indicate that the tag always binds to 

the deprotonated carboxylate group and does not significantly change the spectrum (see 

Supporting Information). The minimum energy structures of deprotonated valine were found using 

several starting geometries. The conformers of deprotonated aminovaleric acid were found by 

randomly adjusting the dihedrals of the carbon chain by ten-degree intervals to create 10,000 

starting structures, optimizing them at the PM6 semiempirical level, and then narrowing the pool 

of structures for further optimization based on calculated energies (see Supporting Information). 

For each minimum energy structure of the deprotonated species, the IR spectrum was calculated 

based on the harmonic approximation, scaling the frequencies by 0.97, using deprotonated 

tryptophan as a benchmark.6 In all calculated spectra, vibrational lines are shown as Lorentzians 

with 8 cm-1 full width at half-maximum. Anharmonic calculations based on the vibrational 

perturbation theory (VPT2)24 calculations as implemented in Gaussian 1625 were used to explore 

anharmonic couplings between the NH stretching vibrations and the OCO stretching modes. These 

calculations were done with the B3LYP functional20, 21 and cc-pVTZ22, 23 as well as def2TZVPP26, 

27 basis sets to explore basis set effects.  
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Results and Discussion 

Deprotonation of both Val and AVA can be expected to occur preferentially at the carboxylic 

acid group, based on typical acidities (pKa ≈ 2 for carboxylic acids,28 compared to pKa ≈ 9 for 

amine groups28). As a result, a strong intramolecular H-bond forms between the amine group and 

the carboxylate moiety. The geometries of the lowest lying structures of [Val-H]-, shown in Figure 

1, all possess this structural element. They differ in the orientations of the methyl groups relative 

to the amine and carboxylate groups, and in the orientations of the amine group relative to the 

carboxylate group. 

 

Figure 1. Lowest energy structures of deprotonated L-Val. The zero-point corrected relative 

energies are given for each structure and the gray dashed lines represent the stabilizing H-bonds. 

C = gray, H = white, N = blue, O = red. 

 

The experimental spectrum of [Val-H]-·N2 (Figure 2) shows two prominent features, at 1632 cm-

1 (a) and 1581 cm-1 (b), a cluster of peaks from 2850-2980 cm-1, and a broad feature centered at 

3208 cm-1, which likely contains more than one transition. It is difficult to distinguish between the 

different conformers based on the IR spectrum alone, since all low-lying structures have very 

similar IR spectra, and anharmonic calculations with a variety of basis sets show unsatisfactory 
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agreement with the experiment (see Supporting Information). Nonetheless, the similarity of the 

calculated IR spectra allows us to assign the observed features. Each structure shows two 

signatures around 1600 cm-1, which are due to vibrational modes involving both the antisymmetric 

OCO stretching motion and the NH2 scissoring motion. The two features represent the two linear 

combinations of these two local modes, with the higher frequency vibrational mode (a) having a 

larger amplitude in the OCO group than the lower frequency mode (b) in the case of [Val-H]-. 

These features encode the overall structural relationship between the amine group and carboxylate 

group, and the splitting and intensity distribution between these two features are both characteristic 

for the structure. The splitting between the features in the experimental spectrum is most consistent 

with the lowest energy structure, and we tentatively assume that structure A is the dominant 

conformer. However, feature (a) is unusually broad (ca. 20 cm-1) for a single transition, and it is 

possible that conformer B may be populated as well, kinetically trapped during cooling in the trap, 

and could contribute to the spectrum. The barrier between the two conformers is calculated at 194 

meV (19 kJ/mol), which is consistent with the notion of kinetic trapping. The relevant transitions 

in conformers A and B are calculated to differ by 10 cm-1, which is consistent with this hypothesis. 
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Figure 2. IR photodissociation spectrum of [Val-H]-·N2 (top, upright) compared to the calculated 

spectra of different structures of [Val-H]- (inverted). The structure and relative energy are given 

for each calculated spectrum with labels as in Figure 1. The low energy region is scaled by a factor 

of 2 to match the highest intensity peak of the higher energy region. 

 

The region of peaks from 2850-2980 cm-1 (labeled CH in Figure 2) contains the CH stretching 

modes of the methyl groups. The spectral congestion in this region is caused by Fermi interaction 

of these modes with overtones and combination bands having a total of two quanta in CH bending 

modes. The lower frequency feature centered at 2862 cm-1 contains transitions that are generally 

deriving their intensity from the symmetric stretching modes of the methyl groups and the CH 

stretching motion of the CH group closest to the amine. Apart from the latter, which has the lowest 
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frequency of this group of modes, these modes are generally not strongly localized in specific 

groups. The peaks at 2890 cm-1 and 2927 cm-1 and the unresolved shoulders towards higher 

frequencies belong to similarly delocalized antisymmetric stretching modes of the methyl groups. 

The broad feature labeled NH and centered at 3208 cm-1 is most likely composed of at least two 

partially resolved transitions at 3193 cm-1 and 3216 cm-1. The symmetric NH stretching transition 

of the amine group is predicted in this frequency range for all calculated structures. If both 

conformer A and B were populated in the experiment, they would contribute with symmetric NH 

stretching transitions that are calculated to be split by 20 cm-1. In this case, the lower frequency, 

more intense part of the feature would arise from conformer A, while the higher frequency part 

would originate from conformer B. In principle, broadening of this feature could be caused by 

effects of the N2 tag, involving soft modes of the tag itself; however, the most likely binding 

position of the tag is at the carboxylate group (see Supporting Information), and the atomic 

displacement amplitudes of the NH stretching vibrational modes are tightly localized to the NH2 

group. It is therefore unlikely that excitation of the NH stretching mode will couple significantly 

to the soft modes of the N2 tag. Similarly, different tag positions could lead to shifts in the NH 

stretching frequency. Typical calculated frequency shifts of the symmetric NH stretching mode 

upon complexation with N2 are less than 10 cm-1, and exploratory calculations for various locations 

of the N2 tag predict frequency difference below 5 cm-1. An alternative explanation would take 

into account that this spectral region should contain not only the symmetric NH stretching mode, 

but also the overtones and combination bands of the NH2 bending modes, whose fundamental 

transitions give rise to the signatures observed around 1600 cm-1. Part of the observed broad feature 

could come from such two-quanta transitions, which would gain intensity through Fermi 

interactions with the symmetric NH stretching mode. We note that while anharmonic calculations 
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show that such resonances are indeed predicted in this spectral range, the predicted splitting 

between the relevant transitions is generally significantly greater than the width of the observed 

signature, suggesting that the width of this feature is more likely due to the observation of two 

conformers, most likely A and B. A weak feature around 3360 cm-1 can be traced to the 

antisymmetric NH2 stretching mode. 

In aminovaleric acid (AVA), a linear alkane chain with four CH2 groups separates its amine 

and carboxylic acid functional groups, in contrast to Val, where the amine and carboxylic acid 

moieties are connected to the same carbon atom. Upon deprotonation of the carboxylic acid group, 

the lowest lying structural conformations are ring structures, connecting the NH2 and COO- groups 

through NH⋅⋅⋅O H-bonds, while a straight chain structure is significantly higher in energy (Figure 

3). The ring structures have very similar relative energies, with the two lowest structures being 

isoenergetic for all practical purposes. 

 

Figure 3. Lowest energy structures of deprotonated AVA, [AVA-H]-. The zero-point corrected 

relative energies are given for each structure and H-bonds are represented by dashed gray lines. C 

= gray, H = white, N = blue, O = red. 

 

The IR spectrum of [AVA-H]- is governed by a prominent peak at 1613 cm-1 (Figure 4). This 

region of the spectrum is sensitive to the interaction between the NH2 and COO- groups. In contrast 

to [Val-H]-, where this interaction is forced by the proximity of these groups, the different 
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structures of [AVA-H]- offer some computational access to the effects of their interaction, as ring 

and chain structures can be readily compared (Figure 4). Similar to [Val-H]-, the calculated peak 

pattern in this region shows two peaks, which are due to NH2 scissoring and antisymmetric OCO 

stretching motions, and the two normal modes of the molecule are due to the two different linear 

combinations of the local modes. In the experimental spectrum, the lower-intensity, higher 

frequency component appears as an unresolved shoulder of the more intense feature at 1613 cm-1. 

The relative intensities of the two modes are different in the ring conformers of [AVA-H]- 

compared to [Val-H]-, with the lower frequency feature being the more intense, and the amplitudes 

of NH2 scissoring and OCO stretching motions in [AVA-H]- are nearly identical. In the chain 

structure of [AVA-H]-, the two vibrational modes appear entirely uncoupled, the amplitudes of 

both patterns of motion are localized in their respective functional groups, and the more intense 

mode clearly being the antisymmetric OCO stretching mode. The change in patterns and 

frequencies upon ring formation shows that the NH2 scissoring motion is shifted to higher 

frequencies through interaction with the COO- group, while the OCO stretching motion 

experiences a red shift. 
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Figure 4. IR photodissociation spectrum of [AVA-H]-·N2 (top, upright) compared to the calculated 

spectra of different structures of [AVA-H]- (inverted, shown with the same vertical scale). The 

structure is given for each calculated spectrum with labels as in Figure 5. The low energy region 

is scaled by a factor of 3 to match the highest intensity peak of the higher energy region. 

 

The higher energy region from 2750-3300 cm-1 provides some insight into the thermally 

populated conformers. The cluster of peaks labeled CH in Figure 4 from 2840-2930 cm-1 

corresponds to the CH stretching modes of the CH2 groups on the backbone of AVA. Similar to 

[Val-H]-, this region is not well captured by the scaled harmonic calculations, due to similar 

anharmonic effects. The lower frequency part of this congested region is mostly composed of 

linear combinations of the local symmetric CH2 stretching motions, while the normal modes in the 
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higher frequency part are largely represented by linear combinations of the local antisymmetric 

CH2 stretching modes. 

The two peaks labeled NH at 3152 and 3172 cm-1 indicate two potential conformers as each 

calculation predicts one symmetric stretching mode, similar to the case of deprotonated Val. 

Anharmonic calculations do not recover the experimental spectrum well, and the overtones and 

combination bands of the OCO stretching/NH2 bending features are predicted to be higher in 

frequency than the observed NH stretching signature. For deprotonated AVA, we assign the two 

peaks to two conformers most likely ring-1 and ring-2, where the relative intensities indicate that 

ring-2 is the dominant motif. The analogous antisymmetric stretching modes appear to be too weak 

to be detected in our experiment. 

 

Table 1. Experimental (Calculated in Parentheses) Frequencies in cm-1 for [Val-H]- and 

[AVA-H]-. 

Labela Val AVA 

a 1632 (1646) 1610 (1615-1622)b 

b 1581 (1595) 1636 (1642-1643)b 

NH 3208 (3260)c 3156, 3180 (3208-3227) b, d 

CH 2861-2965 (2900-2999)b 2842-2932 (2872-2967)b 

a See Figure 2 and Figure 4. 
b Range of frequencies contributing to this feature.  
c Peak centroid. 
d Two features are observed. 

 

In principle, the two normal modes that involve both the NH2 bending and the antisymmetric 

OCO stretching local modes are interesting spectroscopic probes of the H-bonding interaction 
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between the NH2 and COO- groups. Both their splitting and their relative intensities are sensitive 

to this interaction, and these modes will couple to soft, skeletal vibrational modes that modify the 

distance between those groups and hence their interaction.  

Reduced-dimensional VPT2 calculations, where only the NH2 bending/antisymmetric OCO 

stretching modes and the NH2 stretching modes are treated anharmonically, do not describe the 

spectrum well (see Supporting Information). They generally overestimate the splitting of the two 

NH2/OCO modes and yield incorrect intensities for these modes, as well as for their overtones and 

combination bands. They also show a strong basis set dependence, which is not observed in the 

scaled harmonic calculations. Exploratory calculations using all vibrational modes in the VPT2 

treatment have similar challenges, suggesting that a more sophisticated VPT2-based treatment4 

may be necessary to better recover the spectrum. 

The experimental spectra of deprotonated Val and AVA show clear differences for the most 

intense features in the spectrum. Table 1 lists the relevant signatures, and a visual comparison is 

shown in Supporting Information. Peak a is the dominant feature of the fingerprint region in each 

case and has a noticeable shift of 20 cm-1 from [Val-H]- to [AVA-H]-, making this feature a 

promising indicator of which isomer is present. In the higher energy region, the NH signatures are 

significantly red shifted (by ca. 50 cm-1) from [Val-H]- to [AVA-H]-. Finally, the CH stretching 

region has a clear pattern difference. As an additional channel of information to add to mass 

spectrometry platforms, IR spectroscopy can provide a valuable addition to differentiate isomers 

of valine, even in the case of valine, isovaline, and norvaline, whose calculated spectra (see 

Supporting Information) are similar in pattern but distinguishable in peak location. 

 

Conclusions 
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We present the IR spectra of deprotonated valine and one of its chemical analogs, 

aminovaleric acid. An extensive conformer search shows that aminovaleric acid adopts a ring 

structure, which allows H-bonding interaction between the amine group and the carboxylate group. 

By comparing experimental CIVS data with calculated spectra of potential conformers of each 

isomer, we find that the two lowest energy conformers are likely to contribute to the spectra of 

both ions. Clear differences in the prominent signatures of the NH2 bending/OCO stretching 

modes, the patterns of the CH stretching modes, and the NH stretching features make each isomer 

clearly distinguishable. Future experimental work building a more complete database 

encompassing also data on isovaline and norvaline will be necessary for analytical applications on 

complex samples, as overlapping bands from different isomers will make quantitative analysis 

more difficult. 

The modes involving the NH2 bending and OCO stretching motions are sensitive probes of 

the H-bonding interaction between these two functional groups. Surprisingly, and maybe 

fortuitously, the harmonic calculations in the present work yield better representations of the 

experimental spectra than one may expect, while our exploratory anharmonic calculations showed 

that the treatment of these modes is very challenging. The dependence of the spectrum on the 

relative orientation of these groups, and their anharmonic coupling to soft vibrational modes of the 

molecule would be interesting targets for future computational work. 
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