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Abstract 

 

This paper presents a re-examination of the conclusions of a study reported in The 

Journal of Physical Chemistry Letters (Saparbaev et al., 2021, 12, 907) that compared the 

structure of microsolvated ions formed by electrospray ionization to those formed in the gas-

phase via a previously published cryogenic ion trap approach.  We conducted additional 

experiments that clearly show that most of the observed differences in the IR spectra can be 

accounted for by considering the different spectroscopic action schemes used to obtain them.  In 

particular, the presence of the D2-tag induces shifts in some of the N-H and O-H peaks which 

need to be carefully considered before comparing spectra.  Once these spectral effects are taken 

into account, we show that both clustering approaches yields similar clusters structures for the 

small GlyH+(H2O)n species. Using unimolecular reaction rate theory, we also show that for the 

small complexes considered here, only the gas-phase equilibrium distribution of conformers 

should be expected in both experimental approaches.  In addition, the barrier heights necessary to 

kinetically trap high-energy conformers at 298K is explored using a series of model polyalanine 

chains.  
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The manuscript by Saparbaev et al.1 aimed to compare the structure of microhydrated 

protonated glycine [GlyH+(H2O)n] and triglycine [Gly3H+(H2O)] clusters produced by two 

different approaches.  In their experiment, clusters were formed directly by soft electrospray 

ionization (“soft-ESI” thereafter) and thermalized in a room temperature storage ion trap for 45 

ms before they were cooled to 6K in a cryogenic ion trap prior to spectroscopic interrogation. The 

infrared spectra of these clusters were directly compared to those previously obtained by our 

group,2-5 in which the same species were formed by clustering H2O onto the bare GlyH+ or Gly3H+ 

ions in an 80K ion trap (“clustering approach” thereafter).6  The clusters were then cooled to 10K 

in a cryogenic ion trap and D2-tagged prior to spectroscopic interrogation. The observed 

differences in the GlyH+(H2O)1-3 spectra of the species produced by either method led Saparbaev 

et al. to conclude that some of the conformers identified in the clustering approach were kinetically 

trapped “intrinsic gas-phase conformers”, while all of those observed directly from soft-ESI must 

be the “native solution structures”.  Such kinetic trapping of solution-phase structures, or high-

energy gas-phase structures, via soft-ESI has been observed numerous times previously.7-13 

Here, we show that most of the observed differences in the IR spectra can be accounted for 

by considering the different spectroscopic action schemes used to obtain them. The species formed 

by the clustering approach were probed using infrared predissociation (IRPD) of the D2-tagged 

species14-15 while the soft-ESI clusters were probed by infrared multiple photon dissociation 

(IRMPD).  Both schemes are indirect action spectroscopies that require careful considerations 

when analyzing the resulting spectra.  For the one-photon IRPD experiment, while the effects of 

the D2 presence are usually quite small, its interaction with specific N-H and O-H groups can 

nonetheless cause a ~10-50 cm-1 redshift in their infrared vibrational bands.14, 16-17  The H2O 

binding energy in GlyH+(H2O) is calculated (cam-B3LYP/def2TZVP) to be around 6500 cm-1 



4 
 

(77.8 kJ/mol), and therefore the IRMPD scheme requires the absorption of 2-3 photons in the 

2900-3800 cm-1 range studied by Saparbaev et al.  The potential changes in absorption cross-

section after the absorption of the first photons, or variation in the rate of vibrational energy 

redistribution, may cause the intensity of features in IRPD and IRMPD spectra to differ.18-19  The 

multiphoton nature of the IRMPD process can also make it more sensitive towards the higher 

energy kinetically-trapped conformers that require less photons for dissociation.   

We have reacquired the IR spectra of the GlyH+(H2O)1-3 clusters, using the exact same 80K 

ion trap clustering approach used in Ref 2-3, but this time we probed them using the same IRMPD 

scheme as Saparbaev et al.  The resulting IR spectra are shown in the top panel of Figure 1-3 

(black trace) and compared to those of Saparbaev et al. (red trace).  The D2-tagged IRPD spectra 

from Ref 2-3 (blue trace) are also included for comparison. All spectra in the figures have been 

normalized to the common H2O sym. stretch around 3630-3650 cm-1 peak to show differences in 

intensities.  Some of the differences between the spectra of the ion trap clustering species acquired 

with IRPD and IRMPD highlights the perturbations induced by the D2-tag. We recognize that our 

previous work did not adequately describe the inferred effects of the D2 tag on the spectra and that 

this might have affected the interpretation of Saparbaev et al.  Here, we will use the D2-tagged 

IRPD and IRMPD spectra acquired under the same conditions to highlights these perturbations.   

In Figure 1, the peak at 3340 cm-1 in the GlyH+(H2O) IRPD spectrum which is absent in 

the IRMPD spectrum, can be attributed to a redshift of one of the N-H stretches resulting from 

direct interactions with the D2 tag.  In our previous work, we assigned the observed spectrum to 

the presence of two conformers, I-A and I-B, whose structures, and calculated spectra (without D2 

tag) are shown in Figure 1. These two conformers are necessary to explain the presence of small 

peaks at 3080 cm-1 and 3277 cm-1.  Because conformer I-A only has one free N-H, the addition of 
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a D2-tag is expected to redshift it and therefore the peak at 3339 cm-1 was explicitly assigned to I-

A.  Conformer I-B has two free N-H, and therefore should exhibit at least one mostly unperturbed 

N-H which led us to assign the highest N-H feature at 3357cm-1 to this conformer.  In the absence 

of D2-tag, the calculation predicts that these two features should be overlapping, consistent with 

the single peak at 3360 cm-1 in both IRMPD shown in Figure 1.  We note that the IRMPD of 

Saparbaev et al. also exhibits peaks at 3080 cm-1 and 3277 cm-1, consistent with the presence of 

the same I-A and I-B conformers in their experiment.        

 The assignment is not as straightforward for the GlyH+(H2O)2 spectrum.  In our previous 

work, we identified the presence of 3 conformers, II-A, II-B and II-D, which are shown in Figure 

2.  The presence of ~15% of II-D, in which the water interacts with the carboxylic acid O-H, was 

confirmed and quantified with the observation of its unique C=O stretch at 1757 cm-1 (not shown 

here, see Ref 3).  The remaining ~85% conformer population was assigned to conformers II-A and 

II-B.  In Ref 3, isomer-specific IR-IR double resonance was used to confirmed that the two peaks 

at 3313 cm-1 and 3344 cm-1 belong to separate conformers.  Because both II-A and II-B only have 

one free N-H, we would expect them to be redshifted by the presence of a D2-tag.  Unfortunately, 

the signal/noise ratio in our IRMPD spectra is not sufficient to clearly identify the position of these 

N-H stretches without the D2-tag. However, the IRMPD of Saparbaev et al. clearly show a feature 

at 3375 cm-1 which is consistent with the calculated spectra of II-A, II-B, and II-D.  Here the 

presence of multiple conformers with similar IR spectra makes it difficult to conclusively compare 

the conformers produced by both clustering methods.   

Finally, in the GlyH+(H2O)3 spectra shown in Figure 3, the presence of the D2-tag redshift 

the carboxylic O-H feature from 3560 cm-1 in the IRMPD spectrum to 3538 cm-1 in the D2-tagged 

spectrum.  In our previous work, we identify the presence of 4 conformers for GlyH+(H2O)3, which 
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are shown in Figure 3. Conformer III-D, in which all three waters are bound to the NH3
+ group, 

is the only one that can give rise to the observed carboxylic acid O-H near 3550 cm-1.  Because the 

N-H groups are completely occupied by the water molecules, the most likely D2-tagging site is the 

carboxylic acid O-H, consistent with the shifted frequency of this feature in the D2-tagged IRPD 

spectrum.  In our previous work, the small peaks at 3312 cm-1 and 3349 cm-1 were assigned to the 

presence of conformers III-B and III-A, respectively. Finally, the presence of conformer III-C, 

which does not exhibit any unique features, could not be ruled out. Using the calculated relative 

intensities of all the conformers, we estimated that the contribution of III-C is less than 10%.  The 

IRMPD spectra of Saparbaev et al. clearly exhibit features at ~3315cm-1, ~3355cm-1 and ~3560cm-

1 which are consistent with the presence of the same III-A, III-B and III-D major conformers.  

Overall, careful analysis of the spectra shows that similar GlyH+(H2O)n clusters structures 

are generated by both clustering methods.  This conclusion is also supported by the unimolecular 

dynamic analysis presented in the next section.  Another important conclusion is that careful 

analysis is always required in order to directly compare action IR spectra produced by different 

schemes.  The spectral features shouldn’t be directly compared, but rather the resulting structures 

obtained from properly analyzing them within their respective framework.  We also note that the 

IRMPD of the same species acquired in each lab (black and red traces) show some marked 

difference in peak intensities.  For example, in GlyH+(H2O) the carboxylic O-H peak at 3550 cm-

1 is a lot more intense in the black trace. In GlyH+(H2O)2 and GlyH+(H2O)3, the N-H peak between 

3300-3400 cm-1 is a lot weaker and sometime barely visible in the black traces. These could be 

due to saturation effects, different signal to noise ratios, and mostly different laser fluence between 

the two experiments.  It highlights once again that direct comparison between action spectra must 

always be done carefully.  While experimentally more demanding, the IR-IR two-color approach 
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pioneered by Y.T. Lee and co-workers20 and recently adapted by Yang et. al.21 might provide 

vibrational spectra of mass-selected ions which are free tag perturbation and non-linear effects and 

closer to the true linear absorption spectra. 

The results that both cluster formation schemes essentially yield similar conformers for the 

GlyH+(H2O)n clusters is not too surprising given the very small barriers between the structures 

labeled as “native solution structure” and “intrinsic gas-phase conformer” by Saparbaev et al. (see 

Figure 4), which were computed and presented in Ref 3. Conversion between these structures 

involve a simple C-N bond rotation with calculated barriers of ~1.2 kJ/mol for GlyH+(H2O)1 and 

~9.0 kJ/mol for GlyH+(H2O)2.   For reference, the average vibrational internal energies, calculated 

using harmonic frequencies, is 15.0 kJ/mol and 24.5 kJ/mol for GlyH+(H2O)1 and GlyH+(H2O)2 at 

298K, respectively.  Using Rice-Ramsperger-Kassel-Marcus (RRKM) theory22 of unimolecular 

reaction rates, we can roughly estimate that the half-life for the conversion between the “native 

structure” and “intrinsic gas-phase conformer” would be less than 100 ps at 298K.  These barriers 

are simply too small to prevent interconversion at room temperature for 45 ms, as in the experiment 

of Saparbaev et al.  

 For relatively small species such as GlyH+(H2O)2, the fast unimolecular dynamics means 

that kinetic trapping of conformers is unlikely to occur on the millisecond experimental timescale 

unless the activation barrier is very close to, or larger than, the vibrational internal energy. This is 

illustrated in Figure 5, which shows the half-life of a GlyH+(H2O)2 conformer at room temperature 

as a function of a hypothetical interconversion barrier height.  For an internal energy of 24.5 

kJ/mol, half-lives shorter than 1 µs are found for all barrier height smaller than ~23 kJ/mol. For 

increasingly more complex species or larger clusters, the rate of unimolecular reaction would 

decrease due to the large increase in vibrational state density. However, the vibrational internal 
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energy available at room temperature will also increase with vibrational state density.  To look at 

these competing effects, we computed the harmonic vibrational state density and unimolecular 

reaction rate of simple linear polyalanine peptide chains with 3-20 monomers.  The distribution of 

vibrational states of the hypothetical conformer conversion transition-state was approximated to 

be the same as the reactant structure but shifted by the height of the arbitrary barrier.  The average 

vibrational internal energy at 298K, shown in Figure 6a, scales almost linearly from 40 kJ/mol to 

295 kJ/mol when the chain length is increased from 3 to 20 monomers.  Figure 6b (black trace) 

shows the minimum conversion barrier height necessary to produce conformer half-life of at least 

50 ms at 298K as a function of the number of monomers.  For the smallest (Ala)3 species, the 

minimum barrier essentially corresponds to the available internal energy. However, for the larger 

species, the necessary barrier does not scale linearly with internal energy, but instead plateaus 

slightly above 60 kJ/mol for chains longer than 10 monomers.  This implies that for the larger 

species, the conversion rate remains slow enough to produce kinetic trapping even at internal 

energies well above the barrier.  We note that Zwier and co-workers23 reached similar conclusions 

by applying similar RRKM calculations to the conversion of the protonated pentapeptide YGPAA 

in a cryogenic ion trap.  The 50 ms timescale is representative of many experiments in which ions 

are stored at room temperature between each laser spectroscopy or ion mobility spectrometry 

characterization steps.  An alternative approach that favors kinetic trapping in soft-ESI would be 

to cryogenically cool the ions immediately after the ESI step.  To explore this possibility, we 

calculated the necessary barriers for producing a conformer half-life of 0.5 ms at 298K, as shown 

in Figure 6b (red trace).  Despite a 100x shorter timescale, the required barrier heights are only 

reduced by less than 20%.  This shows that the combination of internal energies and unimolecular 

reaction rates are the dominant factors in producing kinetically trapped structures.  While the 
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RRKM calculations presented here are only crude estimates, they nevertheless provide a rough 

guide of when kinetic trapping should or should not be expected in soft-ESI.  

A similar kinetic analysis can be made for the ion trap clustering approach.  At first glance, 

it would appear to favor the formation of kinetically trapped structures due to its lower ~80K 

working temperature.  However, we must consider that during the clustering process, the binding 

energy between the clustering H2O molecule and the ion will be available as internal energy of the 

newly formed cluster.  For the GlyH+ + H2O complex, this binding energy is calculated to be ~77.8 

kJ/mol, which is 5 times larger than the internal energy of the 298K cluster.  The formation of 

kinetically trapped structures would require cooling of this excess energy on unrealistically short 

picosecond timescale.  Using the inelastic collision model of Drahos and Vekey,24 we estimate that 

the timescale for cooling at 110-4 torr to be on the order of milliseconds, which leaves ample time 

for conformer conversion.  We have demonstrated previously4 that for Gly3H+(H2O), a ~68 kJ/mol 

barrier between conformers could be overcome by the ~70 kJ/mol water binding energy during the 

clustering process at 80K, yielding predominantly the same lowest energy gas-phase conformer as 

the soft-ESI approach used by Saparbaev et al.  Under the specific clustering conditions used in 

Ref 4, only 10% of the conformer population remained kinetically trapped.  Once again, for the 

larger species, the slower unimolecular dynamics would increase the probability of kinetic 

trapping.  Although we have not explored this possibility in detail yet, the fraction of kinetically 

trapped conformers could potentially be controlled by manipulating the ion trap buffer gas pressure 

and thus the cooling rate of the binding energy. 

In summary, the analysis presented here suggests that for relatively small species, both 

soft-ESI and ion trap clustering approach are likely to yield a conformer distribution determined 

by gas-phase equilibrium energetics, unless the interconversion barriers are larger than the H2O 
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binding energy (clustering approach) or the internal energy at room temperature (soft-ESI).  The 

slower unimolecular dynamics in the larger species and clusters would favor the formation of 

kinetically trapped species in both cases. Finally, we note that one largely unexplored aspect of 

cryogenic ion trap spectroscopy, common to both approaches discussed here, is the effect of buffer 

gas cooling on conformer distributions.  The fact that multiple conformers are routinely observed 

after cooling to below 10K suggests that the collisional cooling is sufficiently fast for preserving 

some of the more entropically-favored conformations.  However, it is unclear whether the final 

observed conformer distribution is representative of the room-temperature equilibrium or an 

intermediate temperature.  Moreover, the extent of observed kinetic trapping is likely to be highly 

dependent on cooling rate and specific experimental conditions, which will all need to be 

characterized when comparing results from different laboratories.  
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Figure 1. (Top Panel) IRMPD spectra of GlyH+(H2O), produced through clustering approach 

(black trace; this work) and soft-ESI (red trace; Saparbaev et al.1). IRPD spectra of 

GlyH+.D2(H2O), produced via clustering approach (blue trace; previous work2-3). All traces are 

normalized to their respective free O-H water sym. stretch between 3630-3650 cm-1. (Bottom 

Panels) Harmonic spectra calculated at the cam-B3LYP/def2TZVP/GD3BJ level. 
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Figure 2. (Top Panel) IRMPD spectra of GlyH+(H2O)2, produced through clustering approach 

(black trace; this work) and soft-ESI (red trace; Saparbaev et al.1). IRPD spectra of 

GlyH+.D2(H2O)2, produced via clustering approach (blue trace; previous work2-3). All traces are 

normalized to their respective free O-H water sym. stretch between 3630-3650 cm-1. (Bottom 

Panels) Harmonic spectra calculated at the cam-B3LYP/def2TZVP/GD3BJ level. 
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Figure 3. (Top Panel) IRMPD spectra of GlyH+(H2O)3, produced through clustering approach 

(black trace; this work) and soft-ESI (red trace; Saparbaev et al.1). IRPD spectra of 

GlyH+.D2(H2O)3, produced via clustering approach (blue trace; previous work2-3). All traces are 

normalized to their respective free O-H water sym. stretch between 3630-3650 cm-1. (Bottom 

Panels) Harmonic spectra calculated at the cam-B3LYP/def2TZVP/GD3BJ level.  
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Figure 4. GlyH+(H2O) labeled as (A) “intrinsic gas-phase” and (B) “native solution-phase” form 

as labeled by Saparbaev et al.1 GlyH+(H2O)2 in its (C) “intrinsic gas-phase” and (D) “native” form. 
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Figure 5. The calculated half-life of a GlyH+(H2O)2 conformer at room temperature as a function 

of the conversion barrier height.  The red dotted line marks the internal energy of GlyH+(H2O)2 at 

298K. 
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Figure 6. (A) The calculated average vibrational internal energy at 298K for linear polyalanine 

peptide chains with 3-20 monomers.  (B) The minimum conversion barrier height necessary to 

produce a conformer half-life of at least 50ms (black trace) or 0.5ms (red trace) at 298K as a 

function of the number of monomers. 
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