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Abstract 

The assignment of the hydrogen bonded O-H stretch vibration in the proline matrix 

IR spectrum has sparked controversy. Employing constrained nuclear electronic 

orbital methods, we provide a clear assignment that the vibrational frequency 

drops to near 3000 cm-1 as a result of the interplay between electronic effects, 

nuclear quantum effects, and matrix effects.  

 

Hydrogen bonding interactions play a crucial role in a variety of biological systems, 

impacting critical biological processes such as protein folding and enzyme 

catalysis.1–5  Recently, nuclear quantum effects (NQEs) have been shown to be an 

important factor that modulates the properties of hydrogen bonds, especially within 

enzyme active sites.6–10 Given that amino acids and short peptides are the 

fundamental building blocks of proteins, it is essential to develop a comprehensive 

understanding of the hydrogen bonding interactions in these systems and of the 

influence of NQEs on these hydrogen bonds. However, the impact of NQEs on the 
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hydrogen bonding of amino acids and short peptides remains largely unexplored, 

representing an important direction for research. 

Among the proteinogenic amino acids, proline asserts a singular influence 

over protein structure and function due to its unique ring structure.11,12 Unlike other 

amino acids, proline's side chain is covalently bonded to the nitrogen, thereby 

forming a characteristic pyrrolidine loop.11,13  Consequently, proline can disrupt and 

terminate both alpha helices and beta sheets11,12,14–17 as well as form a distinct 

type of protein secondary structure known as a polyproline helix.12,18,19 

Furthermore, beyond its biological functions, proline can act as a catalyst in 

important organic reactions such as the aldol and Mannich reactions.20–22 

As with other amino acids, proline can exist in multiple conformers, which 

can be categorized by their intramolecular hydrogen bonding patterns as shown in 

Figure 1.13,23–30 Type I features an N−H···O=C interaction, Type II features an 

H−N···H−O interaction, and Type III features an N−H···O-H interaction.13,23–30  

Types I and III are characterized by hydrogen bonded N-H stretches and free O-H 

stretches, while Type II is characterized by a free N-H stretch and a hydrogen 

bonded O-H stretch. Typically, Type I and Type III conformers are highly similar in 

their vibrational spectra, and we here collectively refer to them as Type I/III. The 

Figure 1. Three major types of proline conformers with different hydrogen bonding 
interactions, which are depicted by dashed lines.
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ring structure of proline introduces an additional source of conformational 

isomerism. Specifically, the pyrrolidine ring can pucker either up or down, with the 

lower-case letters a and b used to refer to the lower and higher energy ring puckers, 

respectively.13 The energy ordering of these conformers can vary depending on 

the amino acid. For proline, past experimental and theoretical investigations 

indicate that the Type II conformer is the lowest in energy, and that the lower-

energy ring-pucker conformers dominate under the experimental matrix conditions. 

13,31–40 

Amino acid conformers can be investigated with vibrational spectroscopy. 

Experimentally, gas-phase FT-IR results are available, but these experiments are 

conducted at high temperatures, which tend to break hydrogen bonds and thus 

eliminate the distinction between conformers.41 In contrast, matrix isolation 

spectroscopy is conducted at cryogenic temperatures within a frozen inert gas 

matrix.42–44 These experimental conditions stabilize different types of conformers, 

allowing them to be identified through the obtained IR spectra.42–44 It has been  

observed that, in general, the O-H stretching frequencies for Type I, Type II, and 

Type III amino acids are highly consistent when measured within the same matrix 

conditions.13 For instance, in argon matrices at approximately 12 K, the free O-H 

stretches for Type I and Type III amino acids appear near 3560 cm-1, and the 

hydrogen-bonded O-H stretch for Type II appears near 3200 cm-1.13,25–30,45–59 

However, experimental studies on proline did not yield any identifiable signal 

near 3200 cm-1,13,60 even though computationally, Type IIa proline is shown to be 

the lowest-energy conformer, and experimentally, two peaks occur in the C=O 
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stretch region, which are believed to correspond to the Type Ia/IIIa and Type IIa 

conformers.13,60 This raises a perplexing question: where is the proline Type IIa 

hydrogen-bonded O-H vibrational signal in the matrix IR spectrum?  

Adamowicz and co-workers originally proposed that this signal appears in 

the C-H stretching region and is thus obscured by the C-H stretch peaks.13 This 

assignment was based on the experimental difference spectrum between proline 

(proline-D0) and doubly deuterated proline (proline-D2, with N-H and O-H 

deuterated), which shows a broad peak centered at 3025 cm-1.13 Computationally, 

density functional theory (DFT)-based harmonic analysis with an empirical scale 

factor of 0.92 yielded a frequency of 3031 cm-1, which further supported this 

assignment.13 However, pure DFT-based harmonic analysis is unable to capture 

anharmonicity and NQEs, and is of questionable reliability when using empirical 

scale factors to account for these effects. 

Recently, using the adiabatically switched semiclassical initial value 

representation (AS-SCIVR),39,61–63 a new assignment was proposed, suggesting 

that the Type IIa hydrogen bonded O-H stretch is at 3329 cm-1,39 near the 

previously assigned N-H stretching region and significantly outside the C-H 

stretching region.13,60 However, this new peak assignment is also not fully 

convincing, as the experimental spectra show only a weak and broad N-H stretch 

signal in the 3300-3400 cm-1 region,13,60 and it would be unusual if this weak signal 

could correspond to both O-H and N-H stretches.  

 In this work, we will identify this missing and disputed Type IIa hydrogen 

bonded O-H stretch signal in the matrix IR spectrum of proline through constrained 
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nuclear-electronic orbital (CNEO)64–66 calculations. The CNEO framework, which 

was recently developed in our group, can incorporate NQEs, especially quantum 

nuclear delocalization effects, in quantum chemistry calculations and molecular 

dynamics simulations through a quantum-corrected effective potential energy 

surface.67,68 This framework has been shown to be remarkably successful for 

hydrogen-related vibrations.69–73 Herein, our study will provide strong evidence 

supporting the original assignment of the Type IIa hydrogen bonded O-H stretch 

as appearing within the C-H stretching region as a result of the interplay between 

electronic effects, NQEs, and matrix effects.  

Table 1. O-H Stretching Frequencies (cm-1) in Type IIa Proline 

 

a. Experimental value from difference spectrum in reference 13 

b. Values obtained in this work with B3LYP/aug-cc-pVDZ 

c. AS-SCIVR value from reference 39, obtained with B3LYP-D3/aug-cc-pVDZ 

d. Value from this work with scale factor of 0.92 from reference 13 applied. 

 

The hydrogen bonded O-H vibrational frequencies for the Type IIa proline 

conformer are provided in Table 1. The disputed experimental result is 3025 cm-1, 

which is the maximum position of a wide and relatively faint peak in the difference 

spectrum of proline-D0 and proline-D2. Without NQEs, unscaled DFT/B3LYP 

harmonic analysis predicts the frequency to be 3359 cm-1, which is about 300 cm-

Experimenta 
CNEO b 

VPT2b AS-
SCIVR c  

Conventional DFTb 

DFT MD Unscaled Scaledd AIMD 

3025 (disputed) 3021 3036 3069 3329 3359 3090 3382 
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1 higher than the experimental assignment. When the empirical scale factor of 0.92 

as used by Adamowicz and co-workers is applied,13 the frequency drops sharply 

to 3090 cm-1. However, the reliability of empirical scale factors can be questionable, 

as they often need to vary with vibrational modes as well as electronic structure 

methods. With AS-SCIVR, this hydrogen bonded O-H vibrational frequency was 

reported to be 3329 cm-1,39 which is similar to the unscaled DFT harmonic result 

and does not support the experimental assignments.  

Using the same B3LYP functional74–76 as selected in previous works,13,34,39,62 

we performed both VPT277,78 calculations and CNEO-DFT harmonic analysis. The 

predicted frequencies of the Type IIa hydrogen-bonded O-H stretch are 3069 cm-1 

and 3021 cm-1 for VPT2 and CNEO-DFT, respectively. These predictions align with 

the original experimental difference spectrum assignment and scaled DFT 

harmonic analysis by Adamowicz and co-workers.13  We note that our current study 

and the original study by Adamowicz did not include dispersion corrections 

whereas the AS-SCIVR study used D3 corrections. One might expect that 

dispersion corrections are needed as hydrogen bonds are not real chemical bonds. 

However, the necessity of dispersion corrections for hydrogen-bonded systems is 

less clear-cut compared to other weak interaction systems, since the nature of 

hydrogen bonding is more electrostatic than dispersion.79 To further support this 

treatment, we provide the DFT harmonic results and VPT2 results with the D3(0)80 

and D3(BJ)81 corrections, along with the corresponding DFT and VPT2 values 

without the corrections, in Table S3. This analysis shows that essentially the 
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dispersion correction can only change the frequencies by at most ~30 cm-1, which 

can be neglected compared to the peak assignment dispute of around 200 cm-1.  

According to previous studies by our group on hydrogen-related vibrations, 

CNEO-DFT harmonic analysis can reduce errors by 90% compared to 

conventional unscaled DFT harmonic analysis.66,69–71 Furthermore, although VPT2 

may face challenges with strongly hydrogen-bonded systems or shared-proton 

systems,70,82 the hydrogen bond in Type IIa proline is comparatively weaker, with 

its expected vibrational frequency being above 3000 cm⁻¹. Therefore, VPT2 is 

reliable for this system. The agreement between the CNEO-DFT harmonic 

frequencies and the corresponding VPT2 values indicates that this assignment is 

robust. However, to achieve even more accurate results, we additionally performed 

CNEO-MD simulations. Compared to CNEO harmonic analysis, CNEO-MD can 

better capture mode coupling effects through thermal motions at finite 

temperatures and therefore yield more accurate peak positions and qualitatively 

correct peak broadenings;69–71 however, we acknowledge that the descriptions of 

overtones, combination bands, and Fermi resonances are still challenging and that 

high-level quantum methods, such as MCTDH and VSCF/VCI, are still needed for 

accurate descriptions of these subtle features.70,71 The improved performance of 

CNEO-MD over CNEO-DFT harmonic analysis is usually more significant for 

hydrogen-bonded O-H stretch modes, which often couple strongly with some low-

frequency vibrations, than it is for free O-H stretches, which have relatively weak 

couplings to other modes.70,71 
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The CNEO-MD simulated IR spectra for both un-deuterated proline-D0 and 

doubly deuterated proline-D2 are shown in Figures 2(a) and 2(b), respectively. For 

each species, we performed MD simulations for the lowest energy Type IIa 

conformer as well as the Type Ia and Type IIIa conformers. The Fourier transform 

is applied to the dipole autocorrelation functions of the MD trajectories to obtain 

their respective IR spectra. To compare with the experimental spectra, which are 

believed to be a mixture of mainly the Type Ia and Type IIa conformers, we also 

created mixed spectra for both proline-D0 and proline-D2 with a 50%-50% mixing 

ratio. In principle, if equilibrium is reached, the mixing ratio should follow a 

Figure 2. Simulated IR spectra by CNEO-MD-B3LYP for different types of conformers of (a) un-
deuterated proline-D0 and (b) doubly deuterated proline-D2. Panel (c) shows the difference 

between (a) and (b) in the high frequency 2600–3600 cm-1 region.
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Boltzmann distribution. However, since the experiment involved first sublimating 

the amino acid—potentially breaking hydrogen bonds and allowing bond rotation—

and then cooling it down to a matrix environment, the relative ratio of different 

conformers formed and stabilized during the cooling process is uncertain.83 For 

qualitative investigation, we simply chose a 50% Type Ia and 50% Type IIa mixing 

ratio. Our peak assignments for the Type Ia and Type IIa conformers are shown in 

the spectra. 

For both the Type Ia and Type IIIa conformers, the un-deuterated proline-D0 

and doubly deuterated proline-D2 CNEO-MD IR spectra show great resemblance 

above the fingerprint region, except for the strong O-H stretch and weak N-H 

stretch peaks, which shift to lower frequencies upon deuteration. In contrast, for 

the Type IIa conformer, while the weak N-H(D) stretch remains clear in both the 

un-deuterated and deuterated species, the O-H stretch does not display a distinct 

single peak in the un-deuterated species. Fortunately, the O-D stretch in proline-

D2 is distinct with a peak lower in frequency than the N-D stretch. This peak serves 

as evidence that in the un-deuterated species, the Type IIa hydrogen bonded O-H 

stretch frequency is also very likely lower than that for the N-H stretch and thus 

likely appears close to the C-H stretch region around 3000 cm-1. 

Upon further examination of the C-H stretch region in the CNEO-MD spectra, 

we can clearly observe differences between proline-D0 and proline-D2 for the Type 

IIa conformer. The progression of bands around 3000 cm-1 is distinctly broader and 

stronger in the proline-D0 spectrum than that in the proline-D2 spectrum. In contrast, 

for the Type Ia and Type IIIa conformers, the two species have essentially the 
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same line shape and intensities for both isotopes in the C-H stretch region. These 

observations suggest that the Type IIa hydrogen-bonded O-H stretch overlaps with 

the C-H stretch region. 

This assignment is further supported by the simulated CNEO-MD difference 

spectra shown in Figure 2(c). For each conformer, the difference spectrum was 

obtained by subtracting that conformer’s CNEO-MD calculated proline-D0 

spectrum from the corresponding proline-D2 spectrum. Because the OH, NH, and 

CH stretch modes are of the main interest, we show the difference spectra focused 

in on the 2700 cm-1 to 3600 cm-1 range. For the Type IIa difference spectrum, a 

clear and broadened peak is observed with a maximum intensity at 3036 cm-1, 

whereas the difference in this same region is essentially negligible for the Type Ia 

and Type IIIa conformers.  

Quantitatively, the simulated difference spectra for both the Type IIa 

conformer and the 1:1 Type Ia-IIa conformer mixture show a narrower broadening 

compared to the experimental result, with a peak broadening of about 200 cm-1 in 

our simulations versus about 400 cm-1 in the experiment. Several factors could 

contribute to this difference. One is that the choice of the electronic functional can 

affect the peak position as well as the mode couplings. Another factor is that these 

simulations are performed in the pure gas phase, which neglects the matrix 

environment that might also couple with the molecular modes and further broaden 

the spectrum. Both factors will be discussed in more detail in the following 

paragraphs. Nonetheless, the qualitative similarity in peak broadening and the 

consistent peak centering near the experimental value of 3025 cm⁻¹ strongly 
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support the conclusion that the Type IIa hydrogen-bonded O-H stretch overlaps 

with the C-H stretch region.  

Furthermore, we performed conventional DFT-based AIMD simulations as a 

comparison. The results are presented in Figure S1. AIMD gives a peak value of 

3382 cm-1 for the Type IIa hydrogen bonded O-H stretch, which is more than 300 

cm-1 higher than the CNEO-MD result and is significantly separated from the C-H 

stretch region. This large difference between the CNEO-MD and AIMD results 

demonstrates again the crucial role of quantum nuclear delocalization during MD 

simulations of hydrogen bonding systems.    

In addition to nuclear quantum effects and mode coupling effects, matrix 

effects in experiments and the electronic structure method used in computations 

influence the alignment between experimental spectra and theoretical predictions. 

In experiments, the molecule is frozen within an inert gas matrix, which typically 

weakens the bonds and causes a redshift in the corresponding vibrational 

frequencies.84,85 This effect is particularly significant for hydrogen-bonded O-H 

stretches.84 Previous studies of glycine, the simplest amino acid, have shown that 

different inert gas matrices can produce varying redshifts due to the varying 

coupling strength between the matrix gas and the amino acid.47 Specifically, it was 

found that the argon (Ar) matrix can cause a redshift of nearly 100 cm⁻¹ for the 

hydrogen bonded O-H stretch in the Type II glycine conformer.47 Given the stronger 

basicity of the secondary amine in proline compared to the primary amine in glycine, 

we may anticipate a similar, if not greater, redshift for proline. Therefore, if a low 

temperature gas phase spectrum of proline were to be obtained via advanced 
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spectroscopic techniques like isotopomer-selective photofragmentation vibrational 

spectroscopy,86,87 we expect that the hydrogen-bonded O-H stretch frequency 

would be around 100 cm⁻¹ higher than the current matrix spectrum due to the 

absence of matrix effects. This would result in a clearer peak separation of the 

hydrogen bonded O-H stretch from the C-H stretch region.   

For the electronic structure method, although the B3LYP functional is used 

in this study as well as in previous works, it is in fact not the most accurate 

electronic functional. To assess the error introduced by the electronic structure 

method, we performed harmonic analysis using coupled cluster singles and 

doubles (CCSD),88 with the results shown in Table S1. Although harmonic analysis 

with CCSD does not account for NQEs, it can serve as a relatively accurate 

reference to assess errors in the electronic functional. Compared to the CCSD 

harmonic results, pure DFT-B3LYP harmonic analysis underestimates the 

hydrogen-bonded O-H stretch in Type IIa by 156 cm⁻¹, indicating that the B3LYP 

functional significantly underestimates the vibrational frequency. Therefore, 

although CNEO-CCSD is not yet developed, we anticipate that its predicted 

hydrogen bonded O-H vibration for Type IIa proline would be around 150 cm⁻¹ 

higher than the result predicted by CNEO-B3LYP, resulting in a separation from 

the C-H stretch region. In addition to B3LYP, we performed harmonic analysis and 

MD simulations with the PBE089–91 and M06-2X92 functionals (Table S2, Figures 

S2-S5). For PBE0, the overall performance is highly similar to B3LYP, with 

underestimated vibrational frequencies relative to CCSD. A major difference is that 

CNEO-MD with PBE0 gives an even broader peak than that with B3LYP, which 
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aligns better with the matrix experimental result. In contrast, M06-2X suffers less 

from functional error and predicts vibrational frequencies similar to CCSD. As a 

result, CNEO-MD simulated spectra with M06-2X see a distinct peak separation 

between the hydrogen-bonded O-H stretch and the C-H stretches. 

Interestingly, the 100 cm⁻¹ or more redshift caused by experimental matrix 

effects and the 150 cm⁻¹ functional underestimation relative to CCSD due to the 

choice of the B3LYP functional play nearly the same role of shifting the hydrogen 

bonded O-H stretch into the C-H stretch region, leading to a fortuitous match 

between the matrix IR experiment spectrum and the simulated CNEO-B3LYP-MD 

spectrum. If pure gas phase IR spectra of proline are recorded, without matrix 

effects, we estimate the hydrogen bonded O-H stretch will better separate from the 

C-H stretch region as predicted by CNEO-MD using the more accurate M06-2X 

functional.  

Given that the proline Type IIa hydrogen bonded O-H stretch has been 

unequivocally assigned, now the remaining question is: why is this frequency 

significantly redshifted to around 3000 cm-1 compared to the 3200 cm-1 results 

observed for other amino acids? A reasonable explanation was provided by 

Adamowicz et al. in their original paper: because secondary amines are more 

nucleophilic than primary amines, the corresponding N···H−O hydrogen bond in 

proline will be stronger than those in other amino acids. This stronger hydrogen 

bond weakens the O-H bond more and thus leads to a lower O-H vibrational 

frequency. 
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We further support this explanation by comparing the optimized geometries 

of Type IIa proline and with Type II glycine. With CNEO-DFT, the O-H and N···H 

distances are 1.031 Å and 1.711 Å for proline, and 0.986 Å and 1.924 Å for glycine. 

The longer O-H distance and shorter N···H distance in proline indicate a stronger 

hydrogen bond compared to glycine. Similar results are also observed with 

conventional DFT-optimized geometries (0.991 Å proline O-H, 1.868 Å proline 

N···H, 0.986 Å glycine O-H, 1.924 Å glycine N···H), leading to consistent 

conclusions.    

In summary, by employing CNEO methods to account for NQEs in proline, 

we have unequivocally assigned the Type IIa proline hydrogen-bonded O-H stretch 

to a broad peak overlapping with the C-H stretch region near 3000 cm⁻¹. CNEO-

DFT harmonic analysis qualitatively supports this assignment, and the CNEO-MD 

difference spectrum result further confirms the broad O-H stretching peak observed 

experimentally with the predicted central peak position in good alignment with the 

experimental difference spectrum. We find that experimental matrix effects and 

electronic errors in the employment of the B3LYP functional in computations both 

lead to a redshift of 100 cm⁻¹ or more for the Type IIa hydrogen bonded O-H stretch 

peak position, contributing to the overlap with the C-H stretch region and thereby 

aligning computational predictions with experimental results. The unique 

secondary amine group in proline, with its high nucleophilicity, accounts for the 

stronger hydrogen bond and weakened O-H bond in its Type IIa conformer, which 

is the primary reason for the significantly redshifted peak position compared to 

other amino acids. 
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Supplementary Material 

Computational details and example input files, functional benchmark tests, 

complete O-H stretch vibrational frequencies and vibrational spectra by different 

methods, and effects of dispersion corrections.  
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