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Molecular interactions play a key role in the structure and reactivity of molecules. In
biological systems, the major driving force dictating the molecule’s structure is determined by
intramolecular H-bonding and intermolecular H-bonding with the aqueous environment. In
addition to these interactions in biological systems, electronic and steric effects by various amino
acid side chains and their placement can compete against these interactions to dictate the final
system’s overall structure and therefore function. By understanding the fundamentals of each
molecular interaction as well as the interplay of these effects it is possible to tune these molecules
to achieve a desired structure and function. There is much focus on understanding these effects in
their entirety and theoretical work has been increasing complexity and accuracy for these types of
systems, however, these computations may be expensive due to their size and types of interactions

that they are trying to characterize (intramolecular H-bonding, intermolecular solvent interactions,



solvent-solvent interactions, dispersion, electronic effects). Theoretical work has been increasing
complexity and accuracy for these types of systems, however due to the size and types of
interactions, these computations may be expensive. Particularly, modeling the non-covalent
interactions of intramolecular H-bonding in addition to intermolecular H-bonding with solvent is
extremely complicated. Thus, there is a need for experimental work of these systems. Here, we
use Cryogenic lon Vibrational Spectroscopy (CIVS) to study the effects of amino acid side chains
and microsolvation on the small amino acids and peptides.

First, a re-examination of the solvation of GlyH"(H20), was performed. Two different laser
techniques were used (IRMPD vs IRPD) to determine that although there is a different
experimental scheme, the resulting population of conformers in the gas-phase remains the same.
Rice-Ramsperger-Kassel-Marcus (RRKM) theory of unimolecular reaction rates was used to
understand reaction kinetics in the gas-phase. These results demonstrated that for the
microsolvation of small amino acids and peptides, the conformer distribution is determined by gas-
phase equilibrium energetics unless the interconversion barriers are larger than the H>O binding
energy or the internal energy at room temperature.

Second, the conformational and isomeric population effects were probed for a series of
eight tripeptides containing different amounts and orderings of glycine and alanine residues (Gly-
Gly-Gly to Ala-Ala-Ala) to sample all permutations of the methyl side-chain position. This was
done to provide a comprehensive view of the effects of simple side-chain on the structure of the
peptide. IR-IR double resonance spectroscopy was performed to gain experimental conformational
data and electronic structure predictions were used to assist in determining the effects of the methyl

side chain through proton affinities. The data suggest that there are three main families of
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conformations which are defined by protonation site and internal hydrogen bonds, and the relative
contributions of each family is highly dependent on the exact amino acid sequence of the tripeptide.

Third, the microsolvation of protonated Gly-Gly-Gly and Ala-Ala-Ala is investigated and
compared. The IRPD spectra of GlysH*(H20/D20). and AlasH"(H.0/D.0):., are obtained and
compared to theoretical computations. The conformations for each of the solvated tripeptide
clusters are compared against each other as well was to the unsolvated peptide. The data suggest
that with the addition of the first water, the extra energy from the binding energy of water brings
the initial internal energy of the complex to be above the transition state barrier, allowing each of
the bare conformers to form the new lowest energy one water complex. However, a small
proportion of the minor conformer determined from the bare species, with the addition of a water
molecule, was found for each tripeptide. It was thought that this minor conformer was kinetically
trapped, however, with the addition of the second water, it is shown that both tripeptides adopt the
same two major conformations found by the addition of the water molecule to the major
conformation of the one-water cluster and they also follow their same minor conformations. The
population distribution for the minor conformer in the two-water system is much larger, showing
that there is interconversion of the species and therefore these species become energetically
favorable.

Fourth, the experimental spectra and preliminary calculations and assignments of
Betaine(H20)o-6 are presented. An IR-IR two-color approach was adapted on this instrument and
experimental spectra for Betaine(H20)2-4 are presented with this approach. The solvation effects
on a small amino acid with a positive, shielded charge are analyzed and discussed. In particular,

the two-color approach is shown to be a valuable asset for delicate hydrogen bonding networks.



Fifth, the experimental spectra of a glycine analog, 1,3-Dimethylhistidine(H20)o-12 are
presented. The overlaid spectra of H.O and D20 are shown for 1-2 H2O cluster sizes and are
compared to calculated spectra. Computations were run for the non-ionized and zwitterionic forms
of glycine and the difference in energy was taken for the lowest energy species at each cluster size.
These calculations suggest that it might be possible to see the zwitterionic form of glycine starting
at 5 water molecules and it will form the zwitterion at 7 water molecules and above. More work is
needed on this system to see the zwitterionic structure of the glycine analog in the gas-phase to
determine how many water molecules is necessary to induce zwitterion formation of the simplest
amino acid.

Sixth, a chapter was written in in conjunction with the Wisconsin Initiative for Science
Literacy (WISL) to explain the work described in this thesis to a non-scientific audience. This was
done in order to bring more understanding and engagement to gas-phase spectroscopy and the
work that can be done with this technique, such as monitoring and disentangling molecular

interactions in IRPD spectra.



Table of Contents

N 4113 o T [
| I Y 3 T viii
0 T 1 0 111 T Xi

ACKNOWIEAZEMENTS. . .eiuiiniieiiiniieiiererintiareesssntossssssssnssssssssssnsssssssssonsssssssnssnssnn. Xii
Chapter 1: INtroduction.....ciieiieereieiieieeeeeeneeaceecesensensessesonssssescsssnsansssnsansossssnses 1
I O 1Y VT 3
1.2 Mass Spectrometry (MS). .. .o e e 11
1.2.1  Electrospray Ionization (EST).........cooiiiiiiiiiiii e e, 12
1.2.2 Time-of-Flight Mass Spectrometry (TOF-MS).......cooiiiiiiiiiieeeeee, 15
1.3 Infrared (IR) SPeCtrOSCOPY .. nuetnntttntteee et e et e e e aeeeaeenas 19
1.3.1 Principles of Infrared Predissociation (IRPD) Spectroscopy........cccovvvvviiiiiiinninnen. 22
1.3.2 The Harmonic Oscillator Model and Vibrational Selection Rules.............................26
14 REIEIBNCES. ...ttt 31
Chapter 2: Experimental DetailS........cccviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiciieieierennees 40
B B © 1< o 1) 42
2.2 JOM SOULCE. ...ttt e e e e e 45
2.3 Reaction Trap Re@iOn........o.oiiiiiiiii i e 46
2.4 Tagging “Main” Trap RegION.......c.oiiiiiii e 47
2.5 Time-0of-Flight (TOF) ReZION. ... ..ttt e, 49
2.6 Infrared PredisSOCiation SPECtIOSCOPY ... . uutuntenttntent ettt ettt eeeanen 54
2.7 IR-IR Double Resonance: Conformer Specific Spectra...........c.coovviiviiiiiiiiinnnn, 54
2.8 IR-IR Double Resonance: TWO-Color. ... ....uuueiiiiiiiiee e 57
P T G 1 1<) 1 PSPPSR 58
2.10 DAt ACUISTEION. ...ttt ettt ettt et et et et et e et e et et et e e 61
211 DAt PrOCESSINE. ...ttt et et et et et e e e e e e e e 63
2.12 Experimental TIMINGS. ... ..o.uoutnitintit e 64
2,13 Voltage SettingsS. ... .ottt e 69
B 010311 001 721 2 o o 72
2,015 RETCIEICES. ...ttt e 74

Chapter 3: Comment on “Microhydration of Biomolecules: Revealing the Native Structures
by Cold Ion IR SPectroSCOPY” . uieeeiieiiniireiieiinresessatososssssssssssssssssssssssssssssssssnsonas 78
T B Y4 1107 0103 1o | S PR 81



Vi

R I N () (< 1 (0 < 95

Chapter 4: Conformational Changes Induced by Methyl Side-Chains in Protonated

Tripeptides Containing Glycine and Alanine Residues..........ccccvuvieiiiiniiiiiiiiiininennnnne. 98
4.1 INEOAUCHION. ...ttt e e e e 101
4.2 Experimental and Computational Details..................coooiiiiiiiiiiii 103
4.3 Synthesis of Tripeptides. ....o.uiiriiii i e 110
4.3.1 General Procedure. ...........oooiiiiiiii 110
4.3.2 Coupling of AmIno AcCIAS........cuieiriiiiiiiti i e 113
4.3.3 Deprotection of AmMINO ACIAS......c.vieriiiiiiit i 113
4.3.4 Cleavage of Peptides from Resin.............coooviiiiiiiiiiiiiiiiiiiiiieeee, 113
4.4  Calculating Conformer/Isomer Population Ratios..............cccoeviiiiiiiiiiiiiiiinnnnn. .. 114
4.4.1 Isomer-specific Parent lon Depletion Experiment..................ccoevininnn.n, 114
4.4.2 Calculated Intensity Comparison Method................coooiiiiiiiiiiiinnn. 115
e T ] 1 1 1 115
4.5.1 One Alanine Substitution, (AGG, GAG, GGA).......cciiiiiiiiiiiieieeen, 122
4.5.2 Two Alanine Substitution, (AAG, AGA, GAA).......cooiiiriiiiiiiiiieen, 130
4.6 Analysis and DiSCUSSION. .. .....euuiinttt ittt 135
4.6.1 Protonation at Amine Vs Carbonyls.............cooeviiiiiiiiiiiiiiiiiiiie e, 141
4.6.2 Changes in the N°A and N*B Conformer Populations................c.....c....... 143
A7 CONCIUSIONS. . ..ttt e 144
4.8 REICIONCES. ...ttt 145

Chapter 5: Effect of methyl side-chains on the solvation induced changes in flexible

protonated tripepPtides....ocevieiieiiieiieiiiiiiiiiiiiieiiiiitiieiietitiietiecietieciatitetasinsenen. 151
5.1 INrOTUCTION. ..ot 154
5.2 Experimental Details..........ooiiiiiiii e 157
5.3 Computational Details.........c.oiiiiiiii e 158
S R ESUIES. .ottt 163
T B B 1101 1 T 10 D 181
R O 0 Ted 1013 T 1 1 185
5.7 REIOTEINCES. ..ottt 187

Chapter 6: Future Directions: Two-Color Approach in the Microsolvation of Betaine....192
6.1 INtrOdUCHION. ...\t e e 194
6.2  Experimental Details.........o.oiuiiiiiiii i e 195
6.3  Computational Details.........c.oiiiiiiii i e 197



6.4
6.5
6.6
6.7

vii

Results and DiSCUSSION. .....uieiii e e 199
FULUIE WOTK. . ... 220
0703316 11 R 1011 1T 221
RO O ONICES. .o e ittt e 223

Chapter 7: Future Directions: How Many Waters is Necessary to Induce Zwitterion

FOrmation IN GIYCINE?.......cui ettt esre e e enaenns 226
7% S 0315 (o e L 17 5 T ) VA 228
7.2 Experimental Details...........ooiiiiiii e 230
7.3 Computational DetailS. .........c.ouiiritit ittt e e 230
7.4  Results and DiSCUSSION. ...ttt ettt ettt et et e e e e e eeneenns 231
7.5 FUTUIE WOTK. .ot 242
A I O0) 1 14] 11 T 0 1 1 P 243
T 7 REICTOINCES. .ottt e e e 244

Chapter 8: Introduction into Fundamental Research: Using Gas-Phase Spectroscopy to

Probe Small Peptides....cccoveiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiiiietiisteieteisccsnscensennn. 247
B0 PrEfaCe. ..o 249
8.1 Fundamental Chemistry—Why Should We Care?..........ccccvvriiirinienene e 250
8.2 The Big PiCtUIC. ...ttt e e e e 251
8.3 Why Probe in the Gas-Phase?........ccciiiiee e 253
8.4 The MAChING. . ...ttt e e e e e 254
8.5 Understanding the Infrared (IR) Data............ccooiiiiiiii e 257
8.6  Matching IR Data to Real Conformers. ..........cooeiiuiiiiiiiii i 265
8.7 IMPACT. .t 266
8.8 REIOTENCES. ...ttt 268



viii

List of Figures

Figure 1.1. Cartoon depiction of bare ion formation in ESI.....................ocon. 14
Figure 1.2. Schematic of RRKM Theory for Unimolecular Reaction Rates........................ 25
Figure 2.1. Diagram of the Homebuilt Dual Cryogenic lon Trap Vibrational Spectrometer......43
Figure 2.2. Mass Spectra of AlasH"(H20)2D2 with the Mass Gate Off, Mass Gate On, and the

LaSEr ON RESONANCE. . .. ettt ettt et et et e 50
Figure 2.3. Experimental IRPD Spectrum of AlasH*(H20)2D2......c.ovviviiiiiiiiiiiieen, 52
Figure 2.4. Calibration Curve for AlazH" ... 53
Figure 2.5. IR-IR Double Resonance Schemes for AlasH*(H20)2Dz......ovovivviinininiiinnen, 56
Figure 2.6. Schematic of Pump Laser and OPO/OPA Setup........c.ovivviiiiiiiiiiiiaiananns 60
Figure 2.7. Schematic of Sample Timings for IR-IR Double Resonance Experiment............... 65
Figure 3.1. IRPD and IRMPD Spectra of GIyH" (H20)..........coviiiiiiiiieeeeeee 83
Figure 3.2. IRPD and IRMPD Spectra of GIyH (H20)2........oooviiiiiiieeceeee, 85
Figure 3.3. IRPD and IRMPD Spectra of GIyH" (H20)3.........oviviiiiiiiiiieeeeeieea 87
Figure 3.4. “Intrinsic Gas-Phase” and “Native Solution-Phase” Form of GlyH*(H20)1-2......... 89
Figure 3.5. Calculated Half-Life of a GlyH"(H20)2 Conformer at Room Temperature as a Function
of the Conversion Barrier Height. ..., 90

Figure 3.6. Calculated Average Vibrational Internal Energy at 298 K For Linear Polyalanine
Peptide Chains and the Calculated Minimum Conversion Barrier Height Necessary to Produce

Conformer Half-Lives as a Function of the Number of Monomers...............ccoveiiniinininn... 92
Figure 4.1. Representative Structures of the Low-Energy Structure Families: O'A, N°A, N*B...109
Figure 4.2. Structure of tripeptides used for calculating the proton affinities....................... 111
Figure 4.3. Overview of the IRPD Spectra of All 8 Tripeptides.............ccovveiiiiiiiiiininnnn, 116
Figure 4.4. IRPD, IR-IR Conformer Specific, and Calculated Spectra of GGG..................... 120
Figure 4.5. IRPD, IR-IR Conformer Specific, and Calculated Spectraof AAA.................... 121
Figure 4.6. IRPD, IR-IR Conformer Specific, and Calculated Spectra of AGG..................... 123
Figure 4.7. Experimental and Calculated Spectra of AGG for All Six Conformers................ 124
Figure 4.8. IRPD, IR-IR Conformer Specific, and Calculated Spectra of GAG..................... 126
Figure 4.9. Experimental and Calculated Spectra of GAG for All Six Conformers................ 127
Figure 4.10. IRPD, IR-IR Conformer Specific, and Calculated Spectra of GGA................... 128
Figure 4.11. Experimental and Calculated Spectra of GGA for All Six Conformers............... 129
Figure 4.12. IRPD, IR-IR Conformer Specific, and Calculated Spectra of AAG................... 131
Figure 4.13. Experimental and Calculated Spectra of AAG for All Six Conformers............... 132
Figure 4.14. IRPD, IR-IR Conformer Specific, and Calculated Spectra of AGA................... 133
Figure 4.15. Experimental and Calculated Spectra of AGA for All Six Conformers............... 134

Figure 4.16. IRPD, IR-IR Conformer Specific, and Calculated Spectra of GAA................... 136



Figure 4.17. Experimental and Calculated Spectra of GAA for All Six Conformers............... 137
Figure 5.1. Experimentally Determined Conformers of GlysH*(H20)o-2 and AlazH*(H20)o-2..156
Figure 5.2. Structures of the Twelve Lowest Energy Conformers of GlysH*(H20).............. 160
Figure 5.3. Structures of the Twelve Lowest Energy Conformers of AlasH"(H20)............... 161
Figure 5.4. Structures of the Fourteen Lowest Energy Conformers of AlasH"(H20)............. 162
Figure 5.5. Experimental Spectrum of GlysH*(H20)2 and Calculated Spectra of the Lowest Energy
CONTOIMEIS (B -5 . .o e 167
Figure 5.6. Experimental Spectrum of GlysH*(H20)2 and Calculated Spectra of the Lowest Energy
CONTOIMEIS (H6-10) ... ettt e 168
Figure 5.7. Experimental Spectrum of AlasH*(H20) and Calculated Spectra of the Lowest Energy
CONTOIMIS (B -5 )it e e 169
Figure 5.8. Experimental Spectrum of AlasH"(H20) and Calculated Spectra of the Lowest Energy
CONTOIMEIS (H6-10). ...ttt e e 170
Figure 5.9. Experimental Spectrum of AlasH"(H20) and Calculated Spectra of the Lowest Energy
CONTOIMEIS (L L-15). et e 171
Figure 5.10. Experimental Spectrum of AlasH*(H20). and Calculated Spectra of the Lowest
ENergy Conformers (F1-5).. ..o e e e 172
Figure 5.11. Experimental Spectrum of AlasH*(H20). and Calculated Spectra of the Lowest
Energy Conformers (F6-10)........oviriiiii e e 173
Figure 5.12. Experimental Spectrum of AlasH"(H20). and Calculated Spectra of the Lowest
Energy Conformers (FLL-15)......o.u i 174
Figure 5.13. IRPD, IR-IR Conformer Specific, and Calculated Spectra of GlysH*(H20).......... 176
Figure 5.14. IRPD, IR-IR Conformer Specific, and Calculated Spectra of AlasH*(H20).......... 178
Figure 5.15. IRPD, IR-IR Conformer Specific, and Calculated Spectra of GlysH*(H20)..........180
Figure 5.16. IRPD, IR-IR Conformer Specific, and Calculated Spectra of AlasH*(H20)a......... 182
Figure 6.1. Structure OF Betaine. .........ooiiiiii e, 194
Figure 6.2. IRPD Spectra Betaine(H20)1.s Taken by Brett Marsh (Ph.D. 2015).................... 200
Figure 6.3. Updated IRPD Spectra of Betaine(H20)o.s and Linear Two-Color Spectra of
BetAINE(H20) 24 et 201
Figure 6.4. Experimental IRPD and Calculated Spectra of Betaine with and Without D2-Tag...203
Figure 6.5. Experimental IRPD and Calculated Spectra of Betaine(H20)........................... 204
Figure 6.6. Cold, Warm, and Two-Color Spectra of Betaine(H20)2..............ccooiiiiiinnn... 206
Figure 6.7. Experimental IRMPD, Linear Two-Color, and Calculated Spectra of
BetaINE(H20 )2 it 207
Figure 6.8. IR-IR Two-Color Warming Set Up for Betaine(H20)3..........ccooviviiiiiiiiiininnn. 209

Figure 6.9. Experimental IRMPD, Linear Two-Color, and Calculated Spectra of
BetAINE(H20 )3 ettt 212



Figure 6.10. Cold, Warm, and Two-Color Spectra of Betaine(H20)a...............c.coiinin.. 214
Figure 6.11. Experimental IRMPD, Linear Two-Color, and Calculated Spectra of
BetAINE(H2O )4 ettt 215
Figure 6.12. Experimental IRMPD and Calculated Spectra of Betaine(H20)s..................... 217
Figure 6.13. Experimental IRMPD and Calculated Spectra of Betaine(H20)6..................... 219
Figure 7.1. The Difference in Energy Between the Lowest Energy Conformer of the Non-lonized
and Zwitterionic FOrms Of GlY(H20)0-8. . uvnvriniieeie e 232
Figure 7.2. Three of the Calculated Lowest Energy Structures of Gly(H20/D20)gs................. 234
Figure 7.3. Structures of Trimethyllysine and Synthesized His(Me).OH* Molecule............... 236
Figure 7.4. Synthesis HiS(Me)2OH™ ... . ..o 236
Figure 7.5. One-Laser IRPD Spectra of His(Me)20H"(H20)0-12. .. .vovovivnieiiiiiiieeieea 237
Figure 7.6. IRPD Spectra of His(Me)2OH"(H20/D20)0-2-D2......ovvviniiiiiiiiiiiieee 239
Figure 7.7. IRPD and Calculated Spectra of His(Me)2OH"(H20/D20).........cccvviviviinininnn, 240
Figure 7.8. IRPD and Calculated Spectra of His(Me)2OH"(H20/D20)2......c.ovvvviviniiiininnnn. 241
Figure 8.1. The Backbone of the 20 Natural AMIiNO ACIS. ...........covviiiiiiiiiee, 252
Figure 8.2. The 20 Natural Amino Acids and Their Three Distinct Groupings..................... 252
Figure 8.3. Cartoon Instrument SChematiC.............c.ooiiii i, 255
Figure 8.4. Real CIVS Instrument SChematiC...............coooviiiiiiiii e, 257
Figure 8.5. The “Vibrating” Stretching Motion of the CarboxylicO-H............................. 258
Figure 8.6. The “Vibrating” Stretching Motion of the AmineN-H.......................oi 258
Figure 8.7. IR Spectraof GGG and AA A . ... . e 260
Figure 8.8. Structures of GGG and AAA . ... .o e 261
Figure 8.9. IR-IR Double Resonance Cartoon Schematics.............ccooeviiiiiiiiiiiiiiiiinn, 262

Figure 8.10. Experimental and Calculated Spectra 0f AAA. ... ..o, 266



Xi

List of Tables
Table 2.1. Sample Timings for IR-IR Double Resonance Experiments................ccooevevene. 66
Table 2.2. Sample Timings for Two-Photon Experiments Utilizing Laser 2 (MT).................. 70
Table 2.3. Typical Voltages Used for Water CIUStEring...........covviiiiiiiiiiiiieiieeans 71
Table 4.1. Calculated Relative Energies of Tripeptide Structuresinkd/mol........................ 106
Table 4.2. Calculated Relative Energies (kJ/mol) of Lowest Energy Isomers for all Tripeptide
SIS .. ettt 107
Table 4.3. Calculated Proton Affinities of Each Linear Tripeptide at Each Possible Site of
(0] (0 0T LA T ] o 112
Table 4.4. IRPD Peak Positions and Assignments for Each Tripeptide.............................. 117
Table 4.5. Differences in the Calculated Proton Affinities to Determine How the Change in the
Methyl Placement Changes the Proton Affinity of the Molecule Per Proton Placement............ 140
Table 4.6. Experimentally Determined Structural Population Ratios with Their Respective Errors
N PN, .o e 140
Table 5.1. Lowest energy conformers of GlysH (H2O)1-2......oooviviviiiiiiiieee 164
Table 5.2. Lowest energy conformers of AlasH (H2O0)1-2......ovvvniviniiiiiiiieiee 165

Table 6.1. Relative Calculated Energies (kJ/mol) of VVarious Conformers for Betaine(H20)o-6...198



Xii
Acknowledgements

Graduate school, through its many ups and downs, has helped shape me into the person
and scientist that | am today. Moving far from home taught me the importance of having a family
away from family. Graduate school is not something done alone, and during this process | have
been blessed with having many people surround and push me forward. These people have been
there to commiserate when things were going wrong in lab, celebrate when things were going well,
be there for me when there were family emergencies, stand by my side as | figured out a healthy
work-life balance and in general just be great friends, colleagues, and bosses. Though this list is
not exhaustive, since there have been so many people who have interacted, supported, and inspired
me throughout this process, | do want to thank some people who have been with me along the way.
| am deeply grateful for so many of the interactions that I have had in graduate school. Who would
have thought that a first-generation college student, raised by three amazingly strong women,

would be here writing her dissertation?!
First, I want to thank a couple important teachers from my high school: Mr. Nakamura,
Mr. Buck, and Mr. Williamson. Both Mr. Nakamura and Mr. Buck had taught me Chemistry at
Chaminade through honors and AP classes. Both of their classes made me fall in love with
chemistry; they gave me passion and excitement for the field. Both teachers were extremely
invested in me as a student and a person while | was at Chaminade. Most notably, Mr. Buck would
chat with me about my strive for perfection, which in hindsight was not completely healthy. He
wanted to make sure that when I was out of high school and faced “real” challenges, that I would
not destroy myself over not being completely perfect all the time; and this is something that | will

keep with me for the rest of my life. | also wanted to thank Mr. Williamson for being a calming



Xiii
presence in high school and would go the extra mile for his students. | am glad that even after 9
years, | still love going to visit these teachers and talk about my recent accomplishments.

Second, I wanted to thank a few influential people from my undergraduate university. From
my first experience with conducting research, I wanted to thank Dr. Robert (“Skip”) Pomeroy,
Marissa Tessman, Luis Camarda, and Joey Mason. Each of these wonderful individuals guided me
in some way on my journey to graduate school, but most importantly showed me what working in
a research lab was really like. This is where | formed my first research family and fell in love with
conducting experiments and being a part of a group effort. Before my undergraduate career, |
believed I was just going to get my bachelor’s degree and then get a job, but with the mentorship
of Skip and the rest of the people in my lab, | decided to pursue a PhD. | would also like to thank
Cole Carter (PhD at Northwestern University) and Josh Cox (PhD at Harvard University) who
both embarked on the graduate school journey a year ahead of me, who also gave me guidance on
the graduate school application process and were there to answer my calls when | was crying and
freaking out about everything.

Third, I am extremely grateful to Etienne for all he has done as a graduate advisor. He has
always made himself available for discussions about current projects as well as take time to come
into the lab when things were going less than ideally. | am also extremely grateful for Etienne’s
understanding when family emergencies came up. As someone who stresses and constantly pushes
herself, having Etienne say “It’s okay, take all the time you need” was needed. I don’t know how
| would have been able to go through it all without having him respond that way and | am extremely
grateful. Even when | was down on myself about my perceived lack of progress, he assured me

that | was on the right track. One other thing that | appreciate about Etienne is that he is always



Xiv
there to encourage the group; though it might not be direct, he will always look for things that he
can nominate his students for, or that would fit well with their future goals.

Fourth, I would like to thank past and current Garand Group members who made my time
in the group what it was. | was trained by Jon and Kaitlyn and am so grateful for their teachings.
It was also entertaining to sit next to Jon in the office and having our late-night chats when we
were the last ones in the office. | also worked closely with Kaitlyn on all my projects, and she
hosted me when | was visiting graduate schools. | wanted to give Kaitlyn a special shoutout for
being the research partner | never thought | would have. From listening to emo music in lab while
taking data together all the way to chatting about everything going on in our lives and the
department, | am so appreciative to have had someone to be so close and work with so well. Casey
was always someone | could be real with and vent about things going on, which was necessary to
function in graduate school and | appreciate him so much. In addition, Cole and I joined the group
at the same time and have gone through our whole graduate journey together. When we first started
in the group, | was too much stress for Cole to handle (!) but I am glad that once we got settled in,
we got closer and have been able to share this journey together. | am, also, so appreciative of
Gina’s constant kindness and checking in on me and my family and will cherish this forever. Kathy
has always been there to help me with whatever questions | had and was good in keep me updated
on the instrument. Katharina has been instrumental in guiding me in the next coming stages of
post-doc life and showing me how exciting it all is. She is also someone I can talk about trash tv
with, and | appreciate those talks more than anything. Finally, |1 wanted to thank Kenny, Grace,
and Bri for being such good colleagues and | know that they are going to doing such great work in

the future.



XV

Fifth, I would like to thank my first-year graduate school friends who have stuck by me all
throughout this journey. Rachel Bergin, Rachel Miller, Madison Fellows, Kendall Kamp, Zac
Dyott, Josh Miller, Mary Katherine Andrews have been with me since day one of graduate school
and some before day one! Though everyone was on their own path, we were here for each other
for all successes and failures. I am so glad that | found such an amazing group of people to surround
myself with throughout my time here. Special shout-out to Zac who | taught my first class with as
my partner TA and has really been there with me every step of the way.

Sixth, I would like to thank my friends outside of graduate school. Sabrina has been with
me and supporting me from UCSD and really has been there for me every step of the way. She
pushes me when | need it and lets me sit back when she sees that is best for myself as well. Evey,
Alexa, Georgia, and Vanessa have all stuck with me through the good times and bad times and
each constantly connected with me throughout the whole journey. My OTF friends have also been
essential for me. | never realized how important it was to also have people who are outside of
academia to just hang out with. They have helped me on my physical health journey and really are
a driving force for me continuing on with it even when | do not want to.

Seventh, | wanted to thank my CHOPs team and all of the faculty that | have been able to
work with in the department. CHOPs allowed me to work behind the scenes on something | am
extremely passionate about: making the department more diverse and in particular giving
opportunities for first-generation students to actually see what graduate school is like. | have got
to work with some many amazing people in this department through my time in CHOPs. It also
allowed me to network more with the faculty in this department. | can honestly say that | feel that
there are many people in the department that are my mentors and they always look out for me. It

was wonderful to hear that people on this committee helped Etienne draft a nomination for me to



XVi

win the Farrington Daniels Ethical Leadership Award. There have also been many faculty and staff
that | have worked with during my time grading for their classes each semester. | have appreciated
my time with all of these people and will miss working with them all very dearly.

Eighth, I also would like to thank my family (my mom, aunt, and grandma) for their support
and encouragement throughout my life. My mom had sacrificed so much for me to go to private
school and get the best education possible. She always said, that though she might not leave me
any physical inheritance in life, what she would leave me is my education, and for that I thank her
so much. She has given me so much love and support and has been my number one supporter
throughout my whole life. My aunt has constantly been there to read my essays, give me
corrections, teach me history, and so much more. She has gone above and beyond what any aunt
should do for their niece, and | thank her so much for everything she has done. Which brings me
to my grandma. Firstly, she had raised my mom and aunt to be the amazing women that they are,
who in turn, raised me. She taught me to be positive and happy throughout anything life throws at
you. She was one of the strongest women | know, and even with her passing, what she wanted
most for me in life was to be happy and finish my PhD. | know how proud she is of me.

Finally, I would like to thank my amazing fiancé, Andrew, and my dog, Triton. Andrew
has been with me through so many ups and downs of my own graduate school journey, as well as
his own. He has given me so much love and support through all of this and has always pushed me
to do my best. He is there for me when | want to talk about science and there for me when |
absolutely do not. As | have been finishing up my PhD, he has celebrated with me every milestone
that | have come through and | am eager to continue to my post doc and be his support while he
finishes his PhD. | also am grateful that he has expanded my family to include his own and for all

their constant support as well. Andrew is my best friend and really is my perfect partner. Last but



Xvii
not least, | wanted to say thank you to my dog, Triton. He came into my life in the beginning of
my third year of graduate school and has been one of the best things to happen to me. He is one of
the biggest reasons that | have a good work-life balance and appreciate the balance | have. When
I am down and don’t want to leave the house, he gives me a reason to get up and go out. He is a
constant support for me and is always just happy to be around me without expectations.

With all of that said, and yes, | know it was a lot, | am excited to see the current and future
students succeed and excel the lab forward. From working with the younger students, | know that

Etienne is going to be busy with all the amazing work that they will do.



xviii



CHAPTER 1

Introduction






1.1 Overview

Molecular interactions play a crucial role in the structure and reactivity of molecules. For
instance, large peptides and proteins are not just defined by the composition or number of their
amino acids, but also by the 3-D shape that they form in nature. This 3-D shape is not only
controlled by the intramolecular H-bonding forces within the peptides and proteins, but also by
the H-bonding intermolecular forces that they can have with their environment, namely, water.
The intramolecular forces of the molecule can drastically change the 3-D conformation given the
size of the peptide or protein as well as the R-groups of each amino acid that make up the longer
structure. Based on the acidity/basicity or sterics of the R-group, each peptide or protein can take
on a different conformation, which in turn, changes the function of the species. In addition to
amino acid substituents affecting the structure and, therefore, function of the biological molecule,
the influence of an aqueous environment must also be considered since this is where many
biological molecules exist. Thus, by studying the structural changes induced by R-groups, their
placement within peptides, as well as solvation of these peptides, information can be induced about
how these factors influence the structure and therefore function of these biomolecules and
hopefully give insight to larger species.

Computational chemistry is a strong tool that many use to help study these molecular
interactions. However, modeling of these systems suffers two major limitations depending on the
model: cost and accuracy. Computational costs can place a limit on the size of the molecule or the
accuracy of the method being used. For instance, though ab initio methods such as CCSD and
CCSD(T) are extremely accurate,! the computational time scales are O(N®) and O(N"),
respectively, with N representing system size. As the system gets larger, the computational time

increases and therefore the cost of each computation also increases. This places a limit on the size



of the system to be computed at extremely accurate computations. In contrast, Molecular
Dynamics (MD) methods can be used to compute very large systems including large proteins
within aqueous environments, yet they are not very accurate.>® Therefore, there is a compromise
to be made to be able to get a reasonable computation approximation within a reasonable
computational cost. Within such a compromise, many computational methods also perform poorly
while measuring non-covalent interactions, such as any H-bonding interactions. Therefore, it is
necessary to be able to experimentally analyze molecules with H-bonding interactions. These
experiments will hopefully serve to help benchmarking of theory to be able to full describe these
systems with cheap and accurate computations.

Since these biological molecules are in aqueous environments, experimentally, it would be
the most beneficial to probe the molecules in the solution phase. However, this has its own set of
limitations. Though probing in the solution phase can provide information of the system as a
whole, such as in FT-IR and UV-VIS, it does not give information about individual interactions.
In addition, large peptides and proteins do not exist as one 3-D structure. Rather, there is a
conformer population associated with each one. This conformer population is influenced by its
aqueous environment as well as the chain length and R-group of its amino acid substituents and
has a distribution which is dependent on the binding energy of each water molecule as well as the
energy it takes to rotate in space. The information extracted from solution phase experiments gives
a picture of the average of all the conformers in the solution and by itself does not provide
conformer-specific structural information. To be able to gather more insight into specific
interactions in the molecule, it is necessary to acquire experimental data in the gas phase.

Mass Spectrometry is a useful and versatile technique to study molecular ions in the gas phase.

Not only does it allow for the identification of the ion by its mass-to-charge ratio (m/z), but it also



allows for isolation of specific masses. Further advances in mass spectrometry have allowed for
activation techniques which fragment ions of interest, giving some structural information such as
atom connectivity. Some of these activation techniques include collision induced dissociation
(CID),*® surface-induced dissociation (SID),%*?, electron transfer dissociation (ETD),'*® infrared
multiphoton dissociation (IRMPD)"-% and blackbody infrared radiative dissociation (BIRD).25?
The high vacuum environment of mass spectrometry further allows for experiments that are
“sensitive” in nature such as probing reaction intermediates, probing and isolating various steps in
the catalytic cycle, or producing large water clusters. Though activation techniques allow for more
structural information than just m/z of a particular ion, they do not provide information about non-
covalent interactions. The results from these methods can also get confusing very quickly with
increasing molecule size due to the number of resulting fragments of the molecules. Therefore,
scientists have to rely on experimental databases because not all peaks can be assigned directly.
However, mass spectrometers can easily be coupled with other techniques to be able to extract this
information as long as there is a change in mass involved. By then being able to observe the change
of mass as a function of the coupling technique, one can monitor the course and timescale of the
reaction. This can help deconvolute data analysis of molecules.

This isolated, high vacuum environment in mass spectrometry makes it ideal to analyze
many systems. To be able to gather more direct structural information, it is possible to couple mass
spectrometry with spectroscopy. In general, a common method for securing structural information
of non-covalent interactions is by absorption spectroscopy. However, this type of spectroscopy
requires a high density of sample to produce sufficient absorbance values, and this is not found in
mass spectrometry, detailed further in Section 1.3. Action spectroscopy, which does not rely on

the amount of light absorbed by the ions as it does in UV/VIS and IR spectroscopies, are



compatible and can provide detailed structural information of the species. These schemes involve
the photodissociation of molecular ions, which then causes a change of mass, allowing this change
to be monitored by the mass spectrometer. During photodissociation, chemical bonds, molecular
clusters, or weakly bonded tags are decomposed as a result of the resonant absorption of light by
the molecule. By monitoring the change in mass as a function of laser wavelength, a spectrum can
be produced which gives structural information of the system.

Since a change in mass is required, this means that a bond must be dissociated during
resonant absorption of the wavelength. The type of bond being broken in a specific local
environment will determine the wavelength of light or number of photons required to break the
bond. For instance, a covalent O-H bond in H,0 requires 41,550 cm™ of energy to break.?® Yet,
the asymmetric stretch of H,O appears at 3756 cm™. This means that in order to fully break the
covalent O-H bond in water, it would require 11 IR photons minimum to reach this threshold at
this resonant wavelength. In a normal experiment, it is possible to change experimental timings in
such a way that an instrument may cycle at 5 Hz while the laser cycles at 10 Hz, leading to 2-3
photons of light hitting the molecule. However, to achieve 11 IR photons minimum, a high-power
laser would be required. The IRMPD process, however, can lead to broader, non-linear spectra, is
capable of changing the absorption cross-section after initial absorption, and can make the
molecules more sensitive towards the higher energy kinetically-trapped conformers that require
less photons for dissociation.?>3* Alternatively, as stated above, UV/VIS photons can be used and
provide linear spectra of the molecules. Further, UV/VIS can be coupled with IR photons to do
conformational two-laser experiments.®*° However, utilizing UV/VIS light can limit the
molecules under observation since it requires there to be an adequate chromophore embedded in

the molecule.



In order to overcome the limitations addressed above, a tag molecule that weakly attaches

itself to the analyte can be used so that one photon of light at a wavelength of resonance is sufficient
to see a change of mass, as found in infrared photodissociation (IRPD).***® The weakly bound tag
is usually an inert molecule such as Hz, D2, N2, among others, and is chosen such that there is a
sufficient mass difference, has a low binding energy, and does not perturb the system or its
resulting spectrum. When the system is resonant at a specific wavelength, it undergoes
intramolecular vibrational energy redistribution which is sufficient to disassociate the tag species
off the parent ion. By tagging the system there is less restriction on what can be studied.
In cryogenic ion vibrational spectroscopy (CIVS), ions are introduced into the instrument by
electrospray ionization (ESI) and therefore are not tagged upon entry into the system as they are
in supersonic expansion. Rather, the ions travel into a cooled ion trap and are held there by voltages
for a set amount of time. During this time, a buffer gas that is seeded with the tagged species is
introduced to provide collisional cooling to the molecules while attaching the tag. The low binding
energy of the tag species chosen (usually ~100’s of cm™) allows the ions to be probed even into
the far “fingerprint” region of the IR. The experimental spectrum can be compared direction to
theoretical calculated spectrum. Though the tag used is chosen to minimize interactions with the
molecular ion, it still might have effects with specific N-H and O-H groups and cause small
redshifts in their vibrational bands. Therefore, there still must be awareness of this fact while using
a tagged complex.

CIVS provides many advantages to studying molecular ionic species and clusters. Due to
its cryogenic temperatures, it can produce well-resolved spectra which can be compared directly,

given a linear scaling factor, to theoretical calculated spectra. The following chapters will describe



various systems that have been studied with this technique as well as cares that must be taken when
reporting the resulting spectra.

Chapter 3 begins with detailing the cares that one must take when comparing IRPD spectra
to IRMPD as well as when assigning specific conformers to IRPD spectra. This chapter is a
response to a comment paper published comparing the two types of spectroscopies for the
GlyH*(H20)n system, previous published*®*” and detailed in Dr. Kaitlyn C. Fischer’s Thesis
(2019).#¢ When comparing the spectra taken by the two methods, certain peaks that were in the
IRPD spectra are not in the IRMPD spectra. The group doing the comparison determined that the
appearance of these peaks in our IRPD spectra that were not present in their IRMPD spectra must
be from kinetic trapping of conformers. In this chapter, IRMPD spectra of these clusters were
taken with CIVS and found to be similar to theirs since the peaks that were in the IRPD spectra
were due to the Dy interactions with certain N-H groups. Further, RRKM analysis was used to
determine at what barrier height Kinetic trapping would occur and bring to light what Kinetic
trapping means for gas-phase species.

Chapter 4 continues by comparing a series of tripeptides: the protonated forms of Gly-Gly-
Gly (GGG), Ala-Gly-Gly (AGG), Gly-Ala-Gly (AGA), Gly-Gly-Ala (GGA), Ala-Ala-Gly (AAG),
Ala-Gly-Ala (AGA), Gly-Ala-Ala (GAA), and Ala-Ala-Ala (AAA). The side chain in alanine
replaces a hydrogen in glycine with a methyl moiety, thus giving rise to a chiral center in the
molecule. Incrementally changing the placement and amount of alanine residues in the protonated
tripeptide allows us to draw conclusions on how R-group placement of the electron-donating -CHs
group affects the conformation and population ratios of all species. Since the methyl groups are
small enough to not provide steric effects, any changes in structure or conformer population is

directly correlated to effects of the electron-donating R-group.



Chapter 5 expands on the results of Chapter 4 by comparing the solvation of GlysH™ to the
solvation of AlazH* with one and two waters. Previously, the conformers of GlysH*(H20) were
investigated.*° It was found that the binding energy of one water molecule was enough to overcome
the barrier corresponding to a cis to trans amide rotation. The corresponding population
conformation was predominately this new trans conformer as well as a minor conformer of the
unsolvated triglycine. The addition of a second water molecule, however, does not have the same
large binding energy as the first water did to the system. Therefore, by solvating further, we can
see how conformers change as a function of solvation. Comparing the microsolvation of GlysH*
to AlasH", given the electron-donating effects of methyl groups in AlasH*, we can see how these
effects may influence solvation and conformer population. Further solvation will reveal that if
sterics are not a factor, the conformer population of the two tripeptides may converge to the same
conformer, dictated by solvation, or maintain differences due to the electron donating group of the
methyl.

Chapter 6 explores the not fully completed work of the microsolvation of a different
system, betaine, whose structure is similar to that of glycine yet contains a permanent positive
charge induced by trimethylation of the amine. Due to the shielded nature of the charge, we can
see a different solvation motif to that of glycine*®-*" in which the water molecules, after solvation
of betaine’s alcohol group, hydrogen bond to other water molecules. Due to the extensive and
sensitive hydrogen bonding network that occurs upon solvation, a two-color approach is used to
resolve features that are not attainable with indirect IRMPD. Tentative assignments for each cluster
are made, yet without a mass selection step within the traps, conformer specific spectroscopy could
not be done. Of interest, one of the lowest energy conformers of DFT and MP2 yielded a structure

which contains a HzO" in the solvation network and a neutrally charged betaine lacking a hydrogen
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on its alcohol group. With conformer specific spectroscopy utilizing the two-color® technique, we
would be able to see if this “floating hydrogen” conformer can be seen as early as solvation with
three water molecules. This “floating hydrogen” would be the initial framework necessary to
induce a zwitterionic structure in the gas-phase. Future work is described in this chapter as well.
Chapter 7 expands on work done in Chapter 6 and aims to answer the question of how
many water molecules is necessary to induce a zwitterionic species. Without solvent and within
the gas-phase, many amino acids and peptides are known to be in their non-ionized form, however,
in solution they are zwitterionic. Glycine is the smallest amino acid and has been shown to follow
the trend from above. Thus, work has been done to find a glycine representative which contains a
permanent positive charge (necessary for mass spectrometry), yet with the charge shielded such
that the glycine base or the added water molecules do not interact with it. Computations have been
run to determine at which point we might be able to see this zwitterionic structure. From DFT
computations, it has been determined that for glycine, this may occur around seven or eight water
molecules, yet CIVS would be able to give us experimental evidence for this. Two glycine analogs
have been probed with CIVS and their pros and cons are described. Utilizing the strengths and
weaknesses of each molecule, a new glycine analog must be applied to be able to finish this project.
Chapter 8 finishes up this work by containing a chapter which communicates my research
to the public. Coming from a family in which I am a first-generation college student, I believe that
this chapter is extremely valuable. It is important for scientists to be able to describe what they are
doing to a common person who is not an expert in this field to be able to educate the masses rather

than gate-keep the knowledge.
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1.2 Mass Spectrometry (MS)

Mass spectrometry (MS) is an extremely powerful and versatile technique that uses the
mass-to-charge ratio (m/z) of an ion as well as any isotopic patterns that the species might have to
ascertain its molecular mass and composition. There are vast MS libraries of molecular species
which can be referred to for identification of compounds, and it further can be coupled with other
techniques to gain more structural information.>>3 Because of all of this, it makes sense why mass
spectrometry is such a widespread technique in a variety of settings and for many different
purposes (e.g. for analyzing everything from an individual atom to whole proteins). With this
technique, molecules are ionized and studied in the gas phase under high vacuum. This is
extremely useful because it not only allows for less collisions of the molecules than in solution
phase, but it makes it possible to easily manipulate ions of interest using electric fields which
guide these species through the instrument to be analyzed. Due to less molecular collisions, ions
that may form specific conformations due to hydrogen bonding or have solvated structures can be
conserved and identified. Each mass spectrometer has in general three main components: the ion
source, the mass analyzer, and the detector.>* There are many different types of mass spectrometry
ion sources (electrospray ionization,>>%¢ chemical ionization,>*® etc>®®%) and mass analyzers
available for use, however, the following sections will describe the ion source (electrospray
ionization) and mass analyzer (time-of-flight mass spectrometry coupled with infrared
spectroscopy) that is used in the experimental set-up of Cryogenic lon Vibrational Spectroscopy

(CIVS).
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1.2.1 Electrospray lonization (ESI)

Electrospray ionization (ESI) is the preferred method for ionizing and getting samples into
the gaseous phase for CIVS. It was developed in the late 1980s by Dr. John Fenn who ended up
earning the Nobel Prize in Chemistry in 2002.6263 ESI is shown to be a “soft” ionization technique,
which allows for the gentle transfer of molecules, including large biomolecules, into the gas phase
without fragmentation occurring. It therefore preserves the structural integrity of the molecule,>
% unlike other methods (such as Electron Impact®) that are much harsher and lead to
fragmentation. Because of its success in creating intact gaseous ions, it is a very common
ionization source for many instruments including liquid chromatography (LC)%¢-%” and ESI-MS.%
%9 1t can also create gaseous ions from many different types of solutions: solutions in which the
molecules are neutral, solutions where there is a charged species already present in solution, and
solutions that have charge induced molecules by the addition of an acid or base.

In general, ESI is performed by flowing a dilute solution of the analyte of interest through
a small (um) metal or glass capillary, which has an applied voltage (kV), directly into the mass
spectrometer entrance, which also has an applied voltage (V). The large electrical potential
difference between the capillary and the MS inlet creates a large electric field around the solution
tip. This causes accumulation of like charges in the droplets emerging from the capillary tip. For
example, if in positive ion mode, a positive (kV) potential is applied to the capillary and there is a
positive (V) potential applied to the inlet of the instrument. When the large positive potential is
applied to the capillary, this causes the accumulation of positive charges towards the front of the
droplet which is being attracted to the more negative potential on the inlet of the instrument. With
sufficiently high capillary potentials, the surface tension of the solution can be overcome, and a

Taylor cone will form. From here, a stream of charges droplets will make its way into the
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instrument. The droplets will become de-solvated as they travel through the air, and this process
can be sped up by heating the capillary or using a nebulizing gas around the ESI set-up. There are
two different leading theories of ways that the charged droplets form out of the Taylor Cone: lon
Evaporation Model (IEM) and Charge Residue Model (CRM).*® A cartoon schematic of bare ion
formation by ESI is shown in Figure 1.1.

The lon Evaporation Model (IEM) was first developed by Iribarne and Thomson.”®"* This
model was preferred early on to help explain the generation of large ions from electrosprayed
droplets.®* There are three characteristics for this process: geometric parameter, reaction rate
kinetics, and Rayleigh limit.*® It was found that ion evaporation is played an important role when
the size of the droplet fell below 20 nm in diameter (geometric parameter) and that the reaction
kinetics depended on the chemical properties of the ion. This model begins with the premise that
in every droplet, there are multiple ions. When the droplet gets below the 20 nm diameter limit,
the Coulombic repulsions between the ions increase. As the droplet gets smaller, the repulsions
continue to increase until it hits the Rayleigh limit. Once the repulsions surpass this threshold,
which means that the repulsions are larger than the surface tension of the droplet, an ion is ejected
from the droplet. However, Iribarne and Thomson realized that this model could not explain every
trend.”® Some ions with similar solvation energies, had different evaporation rates; and some with
very different solvation energies, had the same evaporation rates.

The other leading model is the Charge Residue Model (CRM).”?>" In this model, it is
assumed that in each droplet that is released, there is only one ion, and the ion is released when
the solvent evaporates. Therefore, if you start with a larger droplet which might have many ions,
as the solvent starts to evaporate, the large droplets divide until only one ion remains. Also, in this

model the ionization rate is strongly independent of the identity of the ion.



14

Figure 1.1. Cartoon depiction of the mechanism of bare ion formation in Electrospray

lonization (ESI) starting from droplet deformation at the capillary.
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1.2.2 Time-of-Flight Mass Spectrometry (TOF-MS)

Wiley and McLaren’ were the first to use linear time-of-flight (TOF) mass spectrometry
(MS) to determine mass-to-charge ratios based on the time that it takes the ions to travel a known
distance. In general, TOF-MS takes ions and imparts the same potential energy (Ep) by an electric
field on all ions. The ions, therefore, are ejected into a drift tube at the same time with the same
kinetic energy (Ek) which was its original potential energy. Since all ions have the same Ek, this
causes species that have different masses (m) to travel at different velocities (v) and therefore arrive

at the detector at different times (t). This relationship is expressed as:
1 2
Ex = smv (eq 1.2.1)

Since velocity is defined as distance/length (L) traveled per unit time (t), the equation can be re-

written as:

Ex = +m (—)2 (eq1.2.2)

L is defined as distance, or in the case of a TOF tube, it is the length of the tube. Since the electric
field that is applied to the ions before ejection imparts potential energy (Ep), Ep can be defined as
the product of the electric charge of the ion (q) and the applied potential field (U). This potential

energy is converted to kinetic energy as the ion acceleration occurs. This is written as:

E, = qU = Eg (eq 1.2.3)
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Electric charge of an ion (q) can further be defined as the product of the charge of the ion (z) and

the elementary charge constant (e). This is written as:
q= ze (eq1.2.4)

By applying Equations 1.2.3 and 1.2.4 into Equation 1.2.2, the following equation relating the

mass and charge of an ion to the time-of-flight can be written as:
1 (L\?
Ex = E,=im(5) =zeU (eq 1.2.5)

Equation 1.2.5 can be rearranged to show how m/z is related to the square of the time-of-flight

multiplied by a constant. This can be written as:

2= (2eV) ({)2 (eq 1.2.6)

Throughout the duration of the experiment, variables e, U, and L are constant which implies that
the m/z of the ions is determined by measuring flight time. However, it is still possible that
different masses with different charges might have the same m/z. This can occur in a mixture of a
peptide and metal, for instance. The metal might have a larger molar mass yet might not be singly
charged. Because of this, the metal might have the same m/z as a larger peptide. In this case,
spacing of isotopic peaks can be used in order to determine the overall molecular weights of these

species.
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As it stands, a TOF tube might have limited resolution due to multiple factors, however,
the two most important factors are energy resolution and spatial resolution.”*” In energy
resolution, all the ions ideally start at the same position when they receive the potential energy
“kick” from the electric field. However, since ions are not static, they might start at the same
position, but their initial velocities might be in different directions. All the ions get the same
amount of potential energy and, therefore, kinetic energy. However, since they have different
initial velocity directions there might be a turn-around time which causes them to hit the detector
later. In spatial resolution, all the ions receive the potential energy “kick” but are not in the same
position before entering the TOF. So, ions of the same mass receive a slightly different potential
energy “kick.” This can be corrected if the detector is placed at the focal point where all masses of
the same size with different velocities are at the same distance in time, however, this is usually not
the case.

In order to help minimize these resolution fluctuations, a reflectron’®’’ can be used to
increase resolution by focusing the ion packet to the detector through applying an electric field
(Er) to slow, stop, and turn around the ions. This reflectron also serves as a secondary mass
separation stage without adding too much physical distance as would another TOF tube. The
reflectron electric field (Er) is defined as the electric field potential (Ur) divided by the length of
the reflectron (D). Each ion travels a specific depth (d) into the reflectron which is determined by
the ion’s kinetic energy. The depth is therefore defined as the kinetic energy of the ion (Ek) divided
by the product of the electric charge of an ion (g) and the reflectron electric field (Er). The equation

for the depth is described and simplified in Equation 1.2.7.

d=—X=—4-=— (eq 1.2.7)
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Since the ions are slowed to a stop from their initial velocity, vo to 0, over the length (D) of the
reflectron, the average velocity is equal to half of the initial velocity, 0.5vo. The time (tp) it takes

for the ion to travel by length (D) can be described by Equation 1.2.8.

tp = o5 = — (eq 1.2.8)

However, the reflectron is symmetric. The total time it then takes for the ion to travel through the

full reflectron (tr) can be written as:

2D
Vo

te = 2tp=2(2)=2 (eq 1.2.9)

Vo

After the ions exit the reflectron they must travel through the final part of the TOF tube to reach
the detector. The TOF tube can therefore be divided into two lengths, the length of the tube before
the reflectron (L1) and the length of the tube after the reflectron (L2). Therefore, the total time that
it takes the ions to travel through the full time-of-flight tube (twne) can be described as the
following:

Li+L;

tiupe = — (eq 1.2.10)

Vo

The total time (twtar) that it takes the ions to reach the detector is therefore the sum of the time that

the ions are in the full TOF tube (twne) and the time that they are in the reflectron.
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Li+Lp+4D

ttotat = trube T LR = o (eq1.2.11)
In order to relate this to mass-to-charge (m/z), Equation 1.2.5 can be rearranged in order to isolate

for vo. Recall from Equation 1.2.2 that the initial velocity (vo) is equal to the length of the tube (L)

traveled per unit time (t).

2zeU

1
Smug = zelU - vy = — (eq 1.2.12)
By substituting vo from Equation 1.2.12 into Equation 1.2.11,
Li+L,+4D
ttotal = 12 (eq 1213)

2zeU
m

And rearrangement of Equation 1.2.13 can show how m/z can be found in a TOF mass
spectrometer. This equation can be written as the following,

m
zZ

2eU
= [ |t (eq 1.2.14)

(L1+L,+4D)2

1.3 Infrared (IR) Spectroscopy
Infrared (IR) spectroscopy is commonly used to observe the vibrational motion of atoms

in a molecule, which in turn gives structural information for that molecule. The molecular
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vibrations occur when the energy of an IR photon is resonant with a vibrational transition of a
molecule, such as stretching and bending of bonds and angles. Each vibrational transition occurs
at discrete energies, and therefore the frequency at which photons are absorbed gives accurate
information about the bond type as well as the local chemical environment surrounding the
vibrating atom. Each molecule has a different set of discrete energies that are necessary to induce
vibrational motion and by monitoring where these occur, one can obtain a molecular IR spectrum.
This spectrum is considered to be “signature” of the molecule and is used to identify and define it.

Since vibrational frequencies are dependent upon the bonds present as well as the local
environment that they are found in, the equation for the frequency (o) can be written as a product
of constants and the square root of the force constant (K), which depends on the bond strength,
divided by the reduced mass (1) of the atoms providing the molecular vibration. The equation can

be written as follows,

0= — |- (eq1.3.1)

2TTC A 1

where the reduced mass () of the atoms involved in the molecular vibration is defined as the
product of the mass of the first atom (m1) and the mass of the second atom (m.) divided by their

sum. The equation is defined below,

mqm;

p=— (eq 1.3.2)

mqi+m,
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As shown by the equations, different vibrational modes will appear at different frequencies.
Further, these modes can be perturbed by its local environment. For instance, if the bond is
involved in hydrogen bonding (H-bonding), its frequency will become red-shifted.

As stated above, spectroscopy requires the absorption of a photon to see a molecular
vibration. Therefore, in conventional IR spectroscopy experiments, the fraction of light that is
absorbed by the molecule for a particular vibration is measured. The absorbance for the molecule
(A) is defined by the ratio of light that is transmitted through the sample (I) and the light that the

sample receives (lo). The absorbance equation can be written as the following,

A = log— (eq 1.3.3)

Another way to describe absorbance is by Beer’s Law,’® which states that absorbance is equal to
the product of the sample’s molar absorptivity (¢), the path length that the light travels through the

sample (1), and the concentration of the sample (C). Beer’s law is written as the following equation

A = €lC (eq 1.3.4)

As the molar absorptivity coefficient is related to the absorption cross section of each vibrational

mode (o()) and the number density of the molecules in the sample (p), Equation 1.3.4 can be re-

written as follows,

A = o(0)lp (eq 1.3.5)
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Equation 1.3.5 shows that for conventional IR spectroscopy experiments, there must be a large
number density of the molecules in the sample (p) to cause significant absorbance values. While
this is achievable for many experimental set-ups, especially those in the solution phase, this is not
suitable for gas-phase measurements of ions. In the gas-phase, though the absorption cross section
of each vibrational mode might be large, the number density of molecules is small. Therefore, a

different approach to acquire IR spectrum of ions inside of a mass spectrometer is necessary.

1.3.1 Principles of Infrared Predissociation (IRPD) Spectroscopy

Since the number density of the molecules in the gas-phase is small, infrared
predissociation spectroscopy (IRPD), a type of action spectroscopy, is a technique that can be used
to work around this. In conventional spectroscopy, by utilizing Beer’s law, Equations 1.3.3 and
1.3.5 can be combined and rearranged to describe and track the intensity of light that passes

through the sample at a particular frequency (I1(2)) as the following,

I(D) = I,e=o®p (eq 1.3.6)

However, in IRPD spectroscopy, the change of intensity of a particular mass peak (N(2)/No), rather

than the change of light intensity, is monitored as a function of the frequency. Equation 1.3.6 can

be written as follows,

N(D) = Nye °®e®) (eq 1.3.7)
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where No is the initial intensity of the mass peak without laser interaction, N(v) is the intensity of
the mass peak after laser interaction, and ¢(v) is the photon fluence on the sample.

In IRPD, since a mass change is necessary for the generation of an IR spectrum, the parent
ion is usually tagged with a weakly bound inert molecule. However, to be able to tag a weakly
bound molecule to a parent ion, the system must be cooled to cryogenic temperatures. Each inert
tag molecule has a specific temperature range at which it will tag. Ideally, the best candidate for
the tag molecule would be one that is inert, has minimal perturbation on the parent ion’s vibrational
spectrum, has a small binding energy, and can weakly bind to the parent ion in the instruments
operating temperature range. Common tag molecules are Hp,"%8 D,,81-82 Ar 8384 and N2.85%6 |n the
experiments described in this work, D> is the preferred tag of choice for the reasons discussed
before. When an IR photon is absorbed by a tagged complex, the molecule undergoes
intramolecular vibrational distribution (IVR), which results in the loss of the weakly bound tag.8”
8 Due to the small binding energy of the tag, one photon is enough to induce IVR which results
in the loss of the tag. IVR occurs in the order of picoseconds to nanoseconds. The instrumental
set-up in the work described here minimizes reattachment of the tag to the parent molecule and
therefore the tagged parent and the photofragment are separated in the time-of-flight tube and in
the reflectron. Another advantage of IRPD spectroscopy is that it only requires a tabletop laser to
obtain spectra, and these are much cheaper and more versatile than the alternative.

D> photofragmentation, in the case described above, can be modeled by Rice-Ramsperger-
Kassel-Marcus (RRKM) theory.** %% There are two main conditions for tag-loss: the binding
energy of the tag must be smaller than the wavelength of the resonant laser photon and there must
be sufficient energy in the localized vibrational motion corresponding to the tag. However, with

IVR the second condition is met because IVR statistically redistributes the energy of the photon
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among all the vibrational degrees of freedom. RRKM theory, therefore, computes the probability
that this would occur and estimates the timescales for tag loss. The energy dependent rate constant

for unimolecular dissociate® (k(E*)) can be written as the following,

oW7*(E—Eg)

k(ED = —0m

(eq 1.3.8)

where ¢ is the reaction path degeneracy, W*(E-Eo) represents sum of states between the barrier
height of the reaction (or transition state), Eo, and energy E (which usually is defined as the internal
energy of the molecule), h is Planck’s constant, and p(E) which represents the density of states at
energy E for the reactant structure. A schematic representation of this is shown in Figure 1.2. The
Beyer and Swinehart algorithm® can be used to determine the sum of states and density of states
of the system if the vibrational energy levels of the system are known. When determining the
timescale for the disassociation of the tag, the barrier height is assumed to be the binding energy
of the tag.

To apply this theory to a molecule discussed in this work, it was found that for GlyzH", the
D> tag has a binding energy of ~150 cm™, which was computed at the cam-B3LYP/def2TZVPP
level. In the experimental set-up for work done in this thesis, the laser is usually scanned from
1400 to 3800 cm™. Therefore, RRKM predicts that for this binding energy, the complex dissociates
on sub-nanosecond timescales. Since the ion flight time is approximately in the ps range, the
photodissociation of the tag is done at a rate that is compatible with the TOF experiment.

However, RRKM not only validates the choice of tag for the species used and the timescale
of the instrument, but it can give guidance on whether kinetically trapped species are present in

the IRPD spectrum. Since the molecules are cooled quickly through collisional cooling, there is a



Figure 1.2. Schematic of Rice-Ramsperger-Kassel-Marcus (RRKM) Theory for
Unimolecular Reaction Rates.
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worry that some conformations would not be the lowest energy conformers. When the IRPD
spectrum is taken and structural determinations are made, potential energy scans (PES) can be
done of moving from one conformation to the other. The energy, E, can either be the internal
energy of the molecule if there is no solvation, or it can be the binding energy of a water molecule
if the species is microsolvated. Eo, would be the largest transition energy of going from one
conformer to the other. From there, the sum of states and density of states can be computed and
RRKM analysis can take place. It was found that for systems discussed in this work, the minimum
energy barrier (Eo) needed to produce conformer half-lives of at least 50 ms at 298 K (the timescale
of the work done on this instrument) is approximately the amount of available internal energy of
the system (E). However, this does not correlate as the chain of the peptide increases. Rather, the
minimum energy barrier plateaus for chains longer than 10 monomers. Therefore, for these
systems, on the timescale of this instrumentation Kinetically trapped species may be produced that
have internal energies, E, which are much higher than the predicted barrier, Eo. This is discussed

and explored further in Chapter 3.

1.3.2 The Harmonic Oscillator Model and Vibrational Selection Rules

To help interpret experimental spectra, vibrational spectra of various conformers of the
species of interest are computed utilizing the harmonic oscillator approximation and then
compared to the experimental spectra. In this approximation, atoms are treated as balls connected
together by springs. The internuclear potential energy (V(r)) between the two atoms at a defined

bond distance (r), can be written as the following,

V) = Sk —r)+ zy(r —1)% + - (eq 1.3.9)
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where k and y are defined as force constants, r is the bond distance, and re is the equilibrium bond
distance. If the vibrations being considered have small nuclear displacement, like in fundamental
vibrational modes, then higher order terms are negligible. Therefore, for fundamental modes,

Equation 1.3.9 can be rewritten as the following:
V@) = Sk(r—7.)? (eq 1.3.10)

Since these vibrations are quantized, the Schrédinger equation can be used to derive the energy
and wavefunction for the system. The general form of the Schrddinger equation consists of the
Hamiltonian, which is defined as the sum of the kinetic and potential energies, multiplied by a
wavefunction (w(r)) which equals the energy of the system (E) multiplied by the same

wavefunction. The general form of the equation is defined as follows,

(;—f: vz + V(r))t/)(r) = EY(r) (eq1.3.11)

Here, 7 is defined as Planck’s constant divided by 2z and m is defined as the mass. If Equation

1.3.10 is plugged into Equation 1.3.11 and the kinetic energy term is written out,

(_—hzi + %k(r — re)z)lp(r) = EY(r) (eq 1.3.12)

2 9r2
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where [ is the reduced mass of the bonded atoms defined in Equation 1.3.2. If Equation 1.3.12 is

rearranged to solve for 0,

T+ 2(E -2k -1)?)p@) = 0 (eq 1.3.13)

The wavefunction and solution to this equation is only valid for quantized values and therefore the

wavefunction and vibrational energy levels are described by the following equations,®*°°

—Juk(r-re)?
2h

Y, = NyH,e v=0,1,2,... (eq1.3.14)
1
— (k)2 1 -
E, = (u) (v+3) v=0,12,... (eq 1.3.15)

where v is the vibrational quantum number. For Equation 1.3.14, Nv is the normalization constant
for that vibrational level, and Hv is the Hermite polynomial corresponding to the vibrational level.

Equation 1.3.15 can be written more simply as follows:
1
E,=hw(v+3)=ho(v+)  v=012.. (eq 1.3.16)

where w is the angular frequency and v is the linear oscillator frequency. However, in spectroscopy
we are interested when there is an energy difference between two vibrational levels. Therefore, the
energy associated with a transition from the 0->1 fundamental level is given by the following

equation,
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1

h (k\2
AEy,, = E(E)z = hvphoton (eq 1.3.17)

Therefore, if we re-write Equation 1.3.17 to solve for the frequency in wavenumbers (v),

l-)phol:on = L(E) (eq 1-3-18)

2me \pu

where c is the speed of light.

Though a transition from the fundamental 0->1 level was shown, only vibrational
transitions that obey the vibrational selections rules can occur. These selection rules can be derived
starting with the transition dipole moment (j).°* This transition dipole moment is correlated to

the intensity of the specific allowed transition. This is shown by the following equation,

Wy = (WylHlg) (eq 1.3.19)

where [ is the molecular dipole moment. The molecular dipole moment can be expanded by a

series in terms of (r-re) coordinates which results in the following equation,

E=b =+ (B)o-n+ (55 o -nr+- (¢9 1.3.20)

or?

Equation 1.3.20 can be substituted into Equation 1.3.19 to get the following equation,
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b = Wl i + (2 ¢ =)+ (32) =12 + | 1) (eq 1.3.21)

The vibrational wavefunction, v, is defined in Equation 1.3.14.
There are then two conditions in order for a transition to occur. First, the transition dipole

must be a non-zero value, and this only can occur when Av = +1. Therefore, the second condition

is that % # 0. This implies that there must be a change in the molecular dipole moment in order

for absorption to occur.

Since harmonic vibrational computations utilize the harmonic oscillator model to predict
molecular vibrations, any anharmonic modes (overtones or combination bands) will not be
predicted.®®%® However, in IRPD spectra of species containing water or species with strong H-
bonded moieties, anharmonicities may appear.®®-19 Separate computations could be done, which

do not use the harmonic oscillator model, to predict these vibrations.
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2.1 Overview

Our home-built dual cryogenic ion trap vibrational spectrometer, shown in Figure 2.1, was
first built in Spring 2013, based on the design by Mark Johnson.'? This instrument includes an
ESI source, reaction trap, main trap, time of flight, reflectron, MPC, and two tunable lasers; all of
these components will be discussed later on in this chapter. However, there have been several
modifications done to the original design throughout the years to allow for acquisition of better
quality of data as well allow as permit for more sophisticated experiments. Firstly, the instrument
was upgraded with a longer time-of-flight (TOF) tube to increase mass resolution. Secondly, a
linear octupole trap, termed “reaction trap,” was built and placed before the main “tagging trap.”
The reaction trap is cooled with a liquid nitrogen cryostat and can hold the temperature in the trap
between 77-300K. This trap serves as an initial trapping stage which allows for more stable signal
and greater efficacy of the tagging done in the main tagging trap. It allows for water clustering on
the bare ion to create solvated clusters, which is necessary for experiments discussed in Chapters
3-5, and is also useful for procuring reaction intermediates.® Finally, the last major modification
was the introduction of a second 10 Hz Nd:YAG pumped optical parametric oscillator
(OPO)/optical parametric amplifier (OPA) laser, later referred to as the “pump” laser, which was
directed through the center ring electrode of the main tagging trap in order to perform IR-IR
isomer-specific spectroscopy.* Though these major modifications were completed in the beginning
years of the laboratory, future work on modifications that will enable the instrument to be more
malleable in its design dependent on project have continued as projects for current and future
graduate students.

For all experiments discussed in this thesis in Chapters 3-5, protonated ions were generated

via electrospray ionization®® (ESI) of an ~1mM solution of the analyte dissolved in methanol with
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trace amounts of formic acid. The analytes of interest were either obtained through Millipore
Sigma or were synthesized according to standard methods (see Chapter 4) by a collaborator in the
Gelman Group at UW-Madison. Hexapole ion guides transferred the ions through a series of
differentially pumped regions and into the linear octupole ion reaction trap, held at 80 K by the
liquid nitrogen cryostat. Collisions of the ions in the trap with the helium buffer gas introduced in
an ~1 ms burst at the beginning of the trap sequence induced thermalization of the ions.
Additionally, H20 or D20 could be seeded into the gas line to allow for cluster formation. These
ions were then transferred by another set of hexapole ion guides to a 3D quadrupole ion tagging
main trap held at 10 K by a closed-cycle helium cryostat. Here, the ions were further thermalized
with helium buffer gas seeded with 10% D, allowing the formation of D»-tagged adducts. These
tagged adducts were then extracted into a time-of-flight (TOF) mass spectrometer at 10 Hz. The
[ion*](D2)n adducts were mass-selected with a gated deflector and intersected with the output of a
10 Hz Nd:YAG pumped optical parametric oscillator (OPO)/optical parametric amplifier (OPA)
infrared “probe” laser. Resonant absorption of a single photon was enough to induce the loss of
the weakly-bound (=500 cm™ or ~6 kJ/mol) D, tag. The photofragment ions were then separated
from the parent adducts by a two-stage reflectron and were directed to a multi-channel plate (MCP)
detector. The yield of these photofragment ions as a function of laser wavelength thus produced
the one-laser IRPD spectra.

Harmonic vibrational frequency calculations are used in order to interpret experimental
spectra. A basin hopping program is used to find a collection of conformers for each system (see
section 2.14). Relative lowest energy structures are optimized, and harmonic frequencies are
calculated at the cam-B3LYP/def2-TZVP/GD3BJ level, which has provided good agreement with

experimental spectra for similar systems.3* 1% These relative low energy structures obtained with
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cam-B3LYP are also optimized at the MP2/def2-TZVP level and corrected by the ZPE from the
corresponding DFT calculation. MP2 energetics provide a more accurate energetic landscape for
the small peptides and water clusters. Though the DFT and MP2 energetics may disagree at points
since DFT overestimates the strength of hydrogen bonds,'"* the lowest energy structures from
each method respectively can help guide relative stabilities of the various structures in the
experimental setup. In this work investigating small peptides and their solvated species, there have
been many different isomers that arise. Thus, a basin hopping program, developed in the Hopkins
group at the University of Waterloo,'**8 is used to help identify many possible conformations of
each species. The program can randomly move specified parameters such as bond angles,
distances, and dihedrals, as well as a combination of all three, to get a large sampling of the
conformational landscape. The low energy structures found from this program are subsequently
re-optimized at higher levels of theory/basis sets until they have been optimized at cam-
B3LYP/def2TZVP and MP2/def2TZVP, which are our highest levels of theory for these systems,
and DFT frequencies calculated. This program has been found to be extremely useful in systems
in which the molecules are fluxional and thus can adopt many different conformations, as well as
when the molecule is solvated, and each solvent molecule can move independently in the network.
Though chemical intuition may serve to provide good starting points for each molecule, this

program allows for the systematic conformer search of many variations of the same species.

2.2 lon Source
Electrospray ionization (ESI) was used as the ion source for all experiments performed in
this work, with a typical ESI voltage between +1-3kV. Solutions of the analyte were made by

diluting the chemical in HPLC grade methanol and adding a couple drops of formic acid to induce
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protonation. These samples are approximately 1mM of analyte. The created solution was placed
in a syringe (Hamilton) with a 30 um fused silica capillary tip (New Objective) and pumped at a
rate of 1-3 um/min using a Harvard Apparatus syringe pump. The electrosprayed positively
charged ions entered the mass spectrometer through a 10 cm stainless steel capillary with an inner
diameter of 0.3 mm which is held in place by a compression fitting. In this first stage of the
instrument, there is a 15 L/s mechanical pump that pumps this region to an operating pressure of
~2.5-3 Torr. The ions then pass through a 0.75 mm biased brass skimmer that divides the first and
second stages of the instrument. In the second stage of the instrument, the ions continue traveling
through a hexapole ion guide, which is comprised of alternating poles with opposite radio
frequency (RF) phases of frequency ~1MHz to keep the ions from diverging as they travel through
the instrument. The power supplies that drive these hexapole ion guides were built according to
the design of O’Connor and coworkers.?®2° Another 15 L/s mechanical pump pumps this region

to an operating pressure of ~300 mTorr.

2.3 Reaction Trap Region

Once the ions have passed through the hexapole ion guides within the second stage of the
instrument, they pass through a 1.3 mm diameter biased aperture and continue into the third stage
of the instrument. This stage of the instrument is pumped by a 300 L/s turbomolecular pump to ~5
x 107 Torr. Another set of hexapole ion guides transfer the ions into a linear octupole ion trap. The
hexapole ion guides are also powered by a RF power supply identical to those used for the hexapole
ion guides in the second stage of the instrument (see section 2.2) The ion trap’s entrance and exit
each have a 3.8 mm copper aperture which is biased to provide the entrance and exit trapping

potentials. The exit potential is pulsed between a high and low DC voltage in order to trap or
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extract the ions, respectively. This ion trap is mounted to the base of a liquid nitrogen cryostat
(Janis, now known as Lakeshore Cryotronics, model VPF-100), which is electrically insulated by
a 1mm thick thermally conductive Shapal ceramic (Precision Ceramics). Indium foil (Millipore
Sigma) is used on both sides of the ceramic to provide good thermal contact and conductivity from
the cryostat to the trap. The liquid nitrogen cryostat has an operational temperature range of 77-
300 K, where the temperature is monitored by a silicone diode and controlled by a 50 W cartridge
heater located at the base of the cryostat.

To allow for collisional cooling, either He or N2 buffer gas is pulsed into the trap using a
solenoid pulse valve connected by a short polytetrafluoroethylene (PTFE) tube. Water cluster and
reaction intermediates can be formed in this trap. H20 or D20 is seeded into the gas line through
a valve in which ~10-20 pL of solvent is placed into a reservoir that the gas flows over. Water
cluster formation by process of condensation begins to occur at ~220 K, but optimal cluster
formation and stability occurs at 80 K which is the temperature used throughout this work. The
operational pressure for this reaction trap is ~2.2-5.6 x 10 Torr with the lower operational
pressures better suited for non-solvated ions and the higher operational pressures better suited for
larger formation of cluster. To control the extent of clustering, experimental parameters can be
adjusted. These parameters include applied electric potentials, reaction trap timings (see section
2.12), buffer gas pressure, as well as buffer gas pulse duration (which is controlled by the width

of the pulse).

2.4 Tagging “Main” Trap Region
Once the ions have exited the reaction trap in the third stage, the ions are then transferred

into the fourth stage of the instrument by a third set of hexapole ion guides. The fourth stage of the
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instrument is pumped by an 800 L/s turbomolecular pump to ~5 x 108 Torr. The ions enter the
fourth stage through a 2 mm biased aperture and are transported by a fourth set of hexapole ion
guides, and focused by a set of cylindrical einzel lenses, into a 3D quadrupole ion trap (Jordan
TOF). This trap will be referred to as the “main trap” throughout this work. The trap’s design is
based on that of Wang and Wang?! and Kamrath et al.? This trap is attached to the second stage of
a closed-cycle helium cryocooler (Sumitomo RDK-415D, Janis Research Company) with 1.5 W
of cooling power at 4.2 K. The closed-cycle helium cryocooler has an operational temperature
range of 4.2 - 300 K, where the temperature is monitored, similarly to the reaction trap, by a
silicone diode and controlled by a 50 W cartridge heater located at the base of the cryocooler.
Indium foil (Millipore Sigma) is used between the trap and second stage of the cryocooler to
provide good thermal contact and conductivity from the cryocooler to the trap. The whole
cryocooler assembly is enclosed by an aluminum radiation shield that is attached to the first stage
of the cryocooler to ensure maximum cooling. The mounted main trap is attached to a linear
translation stage (McAllister Technical Services) which is used to align the trap to account for the
temperature-induced changes caused by thermal expansion and compression. For typical
operation, this linear translation stage, usually has the main tagging trap at a height of 27 mm at
300 K and a height of 29 mm at 10 K.

Similarly to the reaction trap, a solenoid pulsed valve is used to introduce buffer gas for
collisional cooling to the trap through an attached PTFE tubing. The buffer gas mixture consists
of ultrapure 99.999% He with 10% D, added for tagging. Though this trap has an operational
temperature of 4.2 — 300 K, the trap is usually held at 10 K to induce the formation of D2-tagging
adducts (which can be found to tag between 4 — 50 K). The typical operating pressure with gas

pulsed into this trap is ~ 3 x 10 Torr. After thermalization to 10K, the ions are ejected from the
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trap through turning off the trap RF and pulsing the two endcap voltages. These pulsed endcaps
act as Wiley-McLaren plates,?? with the entrance voltage being positive and the exit voltage being
negative, to direct the positive ions toward the exit of the trap. This quickly and efficiently extracts
ions from the trap and a final grid electrode (TOF liner voltage), located 1 cm from the exit cap,

which carries a very large negative voltage, accelerates the ions out of the trap and into the TOF.

2.5 Time-of-Flight (TOF) Region

The TOF region is separated into two stages: the TOF tube (one of the modifications from
Mark Johnson’s original instrument design, described in Section 2.1) and the photofragment area.
The TOF region is pumped by a 300 L/s turbomolecular pump and has an operating pressure of
1x107 Torr. As stated in Section 2.4, once the ions are guided out of the trap by the pulsed Wiley
McLaren plates, they pass a third grid electrode which is held at the TOF liner voltage (~-1950V).
This helps accelerate the ions into the TOF region through a 3 mm conical aperture. With the initial
acceleration kick, all ions receive the same kinetic energy and travel down the first stage of the
TOF region which is an ~ 1 m long flight tube, this is where the initial mass separation takes place.
The tube, which is held at the liner voltage, contains a set of cylindrical einzel lenses and deflectors
at both ends to guide the ions down the tube. The small deflector at the end of this first stage is
pulsed to act as a mass gate to isolate the species of interest for IRPD studies at a specific m/z. To
be able to select which m/z ions pass through to the second stage of the TOF region, the pulsed
deflector is connected to an adjustable timing box which sets the deflector to a high voltage to
deflect unwanted ions and, at a specific timing, to a low voltage to allow ions of interest to pass,

demonstrated in Figure 2.2.



Figure 2.2. Mass spectra of AlazH*(H.0), D, with A) the mass gate and probe laser off, B)
the mass gate on and probe laser off or not resonant, and C) the mass gate on and the probe

laser resonant with the free carboxylic O—H at 3575 cm™.
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Following the mass gate, the ions enter the second TOF region, the photofragmentation
area where they undergo IRPD, or in some cases IRMPD depending on the binding energy of the
tag being used. Here, they are intersected by the output of probe laser, discussed in section 2.6
After the laser interaction, all the ions move into a two-stage reflectron (Jordon TOF), which serves
as a second mass separation stage and separates the parent ions from its photofragments. The
separated ions are directed to a pair of microchannel plate (MCP) detectors, which consists of two
40 mm microchannel plates and is usually held at ~-4.5 kV. The yield of these photofragment ions
as a function of laser wavelength thus produces the linear one-laser IR spectra as shown in Figure
2.3.

Since ions are differentiated by flight time, it is important to create a calibration to
determine the m/z ratio of the new analyte. In general, this is done when starting a new system to
make sure the peak observed is the analyte in question. This is important since some analytes might
have possible contaminations due to lower purity and therefore there are many peaks within the
sample. To begin the calibration, a mass spectrum of an analyte with a known flight time and a
similar m/z ratio as the new analyte is taken and is compared to the analyte of interest. Ideally,
calibration curves are obtained by taking the mass spectrum of known analytes and enough D> tags
such that that m/z of the various ions encompasses the m/z of the new analyte. Then the mass
spectrum of the new system can be taken under the same TOF/MS settings as the known analytes.
This is to make sure that no timings change since flight times can depend on current settings. As
derived in Chapter 1.2.2, the m/z ratio and flight time are related by Equation 1.2.14.
Transformed, this equation used to obtain a linear calibration curve, found by plotting the square

root of m/z vs time, is shown by the following equation



Figure 2.3. IRPD spectrum of AlasH*(H20).D..
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Figure 2.4. Calibration curve for AlasH" (molar mass: ~232 g/mol) to AlasH*(H20)2-D-

(molar mass: ~272 g/mol). Linear regression shown with equation below the line.
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\/% = slope * tiyrq + (y — intercept) (eq 2.5.11)

To make a calibration curve, one needs to plot the square root of mass of the known analytes vs
their timings. An example of this is shown in Figure 2.4. Once a linear curve has been developed,

the equation of the line will give the timing of the new analyte.

2.6 Infrared Predissociation Spectroscopy

In the second stage of the TOF region, the ions are intersected by the output of a 1064 nm,
10 Hz Nd:YAG pumped optical parametric oscillator (OPO)/optical parametric amplifier (OPA)
infrared “probe” laser. The laser is timed through its Q-switch, such that there is maximal overlap
with the ion packet at the focal point. As the laser is scanned, when the laser frequency is resonant
with a vibrational mode in the ions, the affected ions undergo intramolecular vibrational energy
redistribution which is sufficient to disassociate the tag species off the parent ion, forming the bare
ion, termed “enhancement” shown in Figure 2.2C. By monitoring the intensity of the
photofragment enhancement as a function of wavelength, the linear one-laser IR spectra is

generated as shown in Figure 2.3.

2.7 IR-IR Double Resonance: Conformer Specific Spectra

Due to the complicated nature of peptide folding as well as solvent interactions which leads
to various peptide conformations, IR-IR double resonance spectroscopy is used to help disentangle
these spectra. As described in Section 2.1, the final modification to the instrument was the
introduction of a second 10 Hz Nd:YAG pumped optical parametric oscillator (OPO)/optical

parametric amplifier (OPA) laser into the main trap. This allows for IR-IR double resonance



55

experiments. It can isolate one conformer in the population, remove one conformer from the
spectra, as well as elucidate conformers which may contain a very sensitive H-bonding network
with solvent. Thus, isomer-specific IR-IR spectra® 1 can be obtained by focusing the output of a
pump laser directly into the 10 K tagging main trap, ~94 ms after the introduction of the buffer gas
and 1 ms before the ion extraction and focusing the output of the probe laser in the second stage
of the TOF region. This timing scheme for the pump laser limits reformation of the tagged parent
adducts before ejection into the TOF. There are two main methods for taking IR-IR double
resonance conformer spectra: “ion-burn” method or “ion-dip” method, shown in Figure 2.5.

In the “ion-burn” method, the laser in the main trap is placed at a resonant frequency of
one conformer while the laser in the TOF is scanned. Therefore, all conformers that contain this
vibrational frequency will lose their D2 tag within the main trap. Since the ions are in the main trap
for such a short amount of time, the D> tag does not have time to reattach with the bare ion. Thus,
when passed through the mass gate, the conformer(s) resonant with the wavelength of the trap
laser already lost their tag and therefore are filtered out by the mass. The resulting spectrum,
therefore, is a collection of all conformers that do not contain that specific frequency. An example
of this can be seen in Figure 2.5 A-B. The main advantage of this method is that it is “background-
free” in nature and thus leads to a higher signal-to-noise spectra. However, though it might give a
cleaner spectrum, it cannot yield one specific conformer, unless the system is only two conformers,
and doing spectra subtraction requires a good reference spectrum, shown in Figure 2.5 D.

In the “ion-dip” method, the laser in the main trap is scanned, while the laser in the TOF is
placed at a resonant frequency of one conformer. When the wavelength of the main trap laser is

not resonant with the conformer being probed in the TOF region, all conformers pass through the



Figure 2.5. (A) One-laser IR predissociation spectrum of AlasH*(H20). D> utilizing the
TOF probe laser. (B) IR-IR spectrum employing the ion-dip method. (C) IR-IR spectrum
employing the isomer-burning method. (D) Spectrum generated by subtracting the
spectrum in (B) from the spectrum in (A)
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mass gate and into the TOF region where they are then intercepted by the output of the TOF laser.
There, the conformer being probed will lose its D> tag, leading to a constant photofragment yield.
When the laser in the main trap is resonant with the frequency of the same conformer being probed
in the TOF region, it will lose its D> tag in the trap, and will therefore be mass gated out, and the
photofragment yield dips as a function of wavelength. Thus, this method generates a spectrum of
only the conformer being probed and is most useful when there are more than two conformers
present in a sample. An example of this can be seen in Figure 2.5 A,C. However, this method is
not “background-free” in nature and is prone to instabilities from the electrospray and shot-to-shot
fluctuations in the overall ion signal which therefore yields a lower signal-to-noise spectrum than

the “ion-burn” method.

2.8 IR-IR Double Resonance: Two-Color

IR-IR double resonance can also be utilized for a “two-color approach” to be able to obtain
conformers of systems with very sensitive H-bonding networks in which the direct laser interaction
may perturb the system. 23-?* This approach takes advantages of the disadvantages of the one laser
IRPD where one photon is does not have enough energy to perturb the molecule, hence the
requirement for the weakly bound tag. In general, this approach looks at the bare molecular
complexes without any tag involved. The first laser is scanned through the series of wavelengths,
warming up the molecular complex of interest, yet not breaking the complex apart. These warm
molecules can then be excited by the probe laser which is set to a wavelength that is resonant with
a transition of the warm complex but not of the cold complex. This therefore leads to dissociation
of the molecule and provides a linear IRPD spectrum. Hence, it is possible to achieve tag-free

spectra of molecules in which H-bonding networks are sensitive. To determine the wavelength the
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probe laser needs to be placed at, one can either take a spectrum of the molecule at temperatures
< 160 K or another method is to place the pump laser at a resonant transition of the cold molecule
with the tag such that hv: is less than the binding energy of the complex (can turn power of laser

down to help this happen) and then scan the probe hv- to find the warm spectrum of the molecules.

2.9 Laser System

The two laser setups used to photodissociate ions in the main tagging trap and the TOF
region are identical. They both contain a Continuum Powerlite neodymium: yttrium aluminum
garnet (Nd:YAG) pump laser and a LaserVision optical parametric oscillator and optical
parametric amplifier (OPO/OPA). The Nd:YAG laser pumps 1064 nm light at 10 Hz into the
OPO/OPA. The OPO/OPA is tunable between 600-4500 cm™ and the output of the Nd:YAG laser
is restricted to 6W by the laser Q-switch delay timing and the laser flash lamp delay timings.
Additionally, to minimize absorption of ambient H20 and CO, all enclosures containing the beam
path are purged with N2 gas.

A schematic of the laser setup is shown in Figure 2.6. To generate the IR light by the
OPO/OPA used for the experiments, first, a 1064 nm (wo) light produced by the Nd:YAG pump
lasers is split into two beams. One of the beams passes through a A/4 waveplate and then into a [3-
barium borate (BBO) crystal, where it undergoes second harmonic generation (SHG) to generate
532 nm (2 wo) light. This beam is then directed into the OPO which is composed of two potassium
titanyl phosphate (KTP) crystals within an optical cavity. Within the OPO, the 532 nm beam
functions as the pump frequency (wp) and by second-order nonlinear optical processes undergoes
sum frequency generation (SFG) and is converted into two lower energy waves according to the

equation
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Wy, = W5+ w; (eq2.9.1)

, Where s is the signal (higher) frequency and w; is idler (lower) frequency; ws can range from
710-880 nm and wi from 1350-2120 nm. The beams are then directed into the OPA, which is
composed of four KTP crystals within an optical cavity. In the OPA, the signal (ws) and the original

1064 nm (wo) light undergo difference frequency generation (DFG) according to the equation

Wpid = Ws — Wo (eq 2.9.2)

where omig ranges from 2000-4500 cm™. If this wavelength range is the final goal (mid IR light),
then the idler (i) frequency is removed by a polarizer filter and any residual 1064 nm light is
dumped. Power is measured at 3900 cm™ to avoid power losses and fluctuations from residual
ambient H>O and is typically around 25-30 mJ/pulse.

However, if a lower frequency range is required, the polarized filter placed after the OPA
stage must be removed. A AgGaSe; crystal is added after the OPO/OPA so that the idler (wi) beam
and mmig can mix and undergo difference frequency generation (DFG) within the AgGaSe; crystal

according to the equation

Wfar = Wi = Wniq (equation 2.4)

where o ranges between 600-2400 cm™. Unwanted residual light from this mixing process is

removed after the AgGaSe; crystal either by a ZnSe filter for the 1400-2400 cm™ range or a 5.5

micron filter for the 600-1800 cm™ range. Typical powers at 1594 cm™ are 1.5-2.0 mJ/pulse and



Figure 2.6. Schematic of pump laser and OPO/OPA setup.
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1.0-1.5 mJ/pulse for the ZeSe filter or 5.5 micron filter, respectively, which are much lower than
in the mid spectral region. Finally, since there is no compensator crystal after the AgGaSe; crystal,
the beam moves substantially in space between the highest and lowest wavelengths of this region.
This can be compensated for by adjusting the Q-switch timings depending on which part of the
spectral range the experiment is being measured in.

After passing through the crystals, the beam of the lasers is directed into the instrument by
a series of spherical mirrors and a periscope. There is a final spherical mirror that focuses the beam
to maximize overlap with the ion pack right before entering the instrument through a KBr window.
The output of the beam for the “pump” laser requires an extra step of passing through the middle

RF electrode of the 3D quadrupole trap in order to intersect the ions.

2.10 Data Acquisition

The ion signal is detected using a microchannel plate detector (MCP). This signal is then
amplified and measured by a 100 MHz digital oscilloscope (PicoScope) which is capable of
recording mass spectra on the 10 Hz instrument timescale. Signal can be viewed in real time on an
oscilloscope on the instrument (Tetronix) or be routed to the computer for data acquisition using a
custom written Labview program. On the instrument, the signal can be viewed and recorded, either
MS or IR data, by a homemade LabView (National Instruments) data acquisition (DAQ) program,
which was first written by Brett M. Marsh (PhD 2015) and later modified by Steven J. Kregel
(PhD 2018). For MS data, a specified number of MS traces are averaged together for one MS. For
IR data, the area of the photofragment peak is monitored as a function of laser wavelength and is
normalized to a “control” peak to account for signal instability. Thus, it is possible to view in real-

time what the spectrum might look like before data processing.
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To be able to get the program to acquire a specific set of data, many parameters in the
program are adjustable. For starters, there is a toggle for which mode that the user would like to
be in, either MS or IR. If in MS, a specified number of MS scans that the user would want to be
averaged, usually around 500 MS. Also, there is the trigger delay (us), which allows the user to
begin looking at data from a certain time and onwards; the sample window (us), which is usually
smaller for a narrower view of the data while in IR mode and larger for MS mode; and range (V)
of the data, which allows the user to zoom in or out of the peaks. For the IR mode of the data
acquisition, there are additional parameters that can be adjusted such as the IR Range, most
commonly changed between far and mid IR; scan rate which is 3 cm™/s for IR data taken in the
mid and 0.75 cm™/s for IR data taken in the far; the start wavenumber and end wavenumber for
the IR scan that the user would like to take, specified in the near IR; and finally the toggle switch
for which laser, main trap or TOF, the user would like the program to scan. The frequencies given
to the program need to be given in near-IR wavenumbers so that the program can communicate
correctly with the OPO/OPA software on the laser computers. This software controls the crystal
positions (6 or 7 crystals depending if in the mid or far, respectively) and will automatically move
the crystals to the correct positions corresponding to the frequencies desired. These positions are
precalculated when calibrating the laser and creating the correct fit for each crystal. Conversion

from the near-IR to the mid and far IR is given by the equations

Umia = Pnear — 9394 cm™1 (equation 2.5)

Upgr = 28182 cm™" — 2004, (equation 2.6)



63

Finally, the program allows the user to place cursors around a detagged peak and a static peak.
This is important for the IR mode of the data acquisition. The detagged peak is the peak area being
monitored as a function of the wavelength and the static peak is the peak area which will normalize
the detagged peak to account for signal instability.

There is also an option to select how many times the user would like to program to run in
a row. Once the program has run once, if in the IR mode, the OPO/OPA computer brings the laser
system back to the starting position as specified on the program. No matter the mode, if the number
of scans collected is less than initially requested, a new file is created and another scan begins

again.

2.11 Data Processing

In the data acquisition stage (section 2.10), though the user is able to view an IR spectrum
in “real-time,” the data being acquired is just a series of mass spectra as a function of wavelength.
Once the mass spectra are acquired, they are analyzed in a separate LabView program which was
written by Brett M. Marsh (PhD 2015) and is called “fullanalysis.vi”. For MS data, the program
takes the average of all the mass scans which was specified in the data acquisition program and
saves it as a “.dat” file. For IR data, additional parameters must be specified before the data can be
analyzed: 1) the frequency range of the data, which must be specified in near-IR wavenumbers
and must be placed in numerical order in the start and end respectively; 2) the interpolation value,
which is 1/10 of the scan rate; 3) the number of shots-per-point, which is 15; 4) the integration
range that encompasses the area of the photofragment, which a good starting point can be found
on the data acquisition program for the range of the “untagged peak;” 5) the display frequency,

which is the range of frequencies that the data was taken in, either the far or mid. A smoothing
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“spline” is applied to the averaged scan data to smooth the spectra. Once the parameters have been
set, the program can run, and a smoothed plot of intensity vs laser frequency is generated. In
general, the signal-to-noise ratio of one scan is usually insufficient, therefore multiple scans need
to be averaged. The program has a parameter of the number of scans to be inputted for analysis
and allows the user to select which files need to be averaged together. The number of scans is
highly dependent on the system and which type of experiment is being run. For instance, the
number of scans to acquire a one laser IRPD < number of scans to acquire an IR-IR burn spectra
< number of scans to acquire an IR-IR dip spectra. Typically, ~10-30 scans are averaged. After
~40 scans, each additional scan will have little effect on the overall scan due to scan saturation in

the signal-to-noise.

2.12 Experimental Timings

The instrument and both lasers are on a 10 Hz cycle and each event within this cycle is
precisely coordinated to allow for maximum efficiency and ion overlap. The experimental timing
scheme is depicted in Figure 2.7 and a sample timing scheme for the one laser setup is shown in
Table 2.1. It is important to note that this timing scheme allows for IRPD in which one photon is
used to dissociate the tag off of the molecular complex of interest. To be able to achieve IRMPD
in the main trap, the scheme changes by a little.

The main timing sequence begins when the pulse valve of the main tagging trap and
reaction trap is triggered by the To output of a delay generator (DG1). All other experimental
timings are referenced to the To from DG1. DG1 also triggers two other delay generators (DG 2
and 4) such that all timings are referenced to the same value. The timing scheme will be discussed

below in the order in which the ions travel through the instrument.
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Figure 2.7. Schematic of sample timings for IR-IR double resonance experiment in
positive ion mode.
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Table 2.1. Sample timings for IR-IR double resonance experiments. Mass Gate (High) and

Laser 1 (TOF) Q-switch (Delay) are samples for AlasH*(H20).D..

Delay Generator 1 (DG1) Channel Timing
Main Trap Pulse Valve To -
Main Trap RF A To+95ms
Laser 1 (TOF) Flash Lamps (Delay) C A - 263 us
Laser 1 (TOF) Flash Lamps (Width) D C + 10 us
DG2 (Triggered by To) Channel Timing
Reaction Trap High A 7.0 ms
Reaction Trap Low B A +0.900 ms
Reaction Trap Pulse Valve To -
DG3 (Triggered by Main Trap RF) Channel Timing
Wiley-McLaren (WMC) 1 (Low) A 0 + 500 ns
WMC 1 (High) B A +500 ns
WMC 2 (Low) C 0 + 500 ns
WMC 2 (High) D C +500ns
Mass Gate (High) E 0 + 35.45 us
Mass Gate (Low) F E + 200 us
Laser 1 (TOF) Q-Switch (Delay) G 0+ 36.76 us
Laser 1 (TOF) Q-Switch (Width) H G + 10 us
DG4 (Triggered by To) Channel Timing
Laser 2 (MT) Q-Switch Delay A To+94 ms
Laser 2 (MT) Q-Switch Width B A +10us
Laser 2 (MT) Flashlamp Delay C A - 284 us
Laser 2 (MT) Flashlamp Width D C + 10 us

66
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Once the pulse valve of the reaction trap is triggered by the To output of DG1, DG1 triggers
DG2 which controls the timings associated with the reaction trap. The reaction traps exit aperture
is pulsed between two voltages (high and low) which allows ions to either stay in the trap or be
extracted. DG2 controls the timing between the high and low voltages which dictates how long
ions stay trapped and then finally how long they are extracted for. The main trap pump laser (Laser
2) Q-switch (Channel A of DG4) is fixed at 94 ms. Since the laser is aligned into the main trap,
ion overlap at any timepoint in the main trap is maximized. Thus, a 94 ms delay (~1 ms before ion
extraction) was chosen since it allows for maximum de-tagging while minimizing retagging of the
de-tagged species. Finally, the main trap pump laser which is controlled by Channel C of DG4
traditionally stays constant, yet can be changed to make sure that the power output of the Nd:YAG
does not exceed 6 W.

Once the ions have left of the reaction trap, they enter the main tagging trap. The duration
of time the ions spend in the main tagging trap (normally ~95 ms) is determined by channel A of
DG1. Once it is time for ion extraction, the RF voltages in the main tagging trap are turned off and
the RF power supply sends a TTL signal to DG3. DG3 controls the Wiley-McLaren plates, the
mass gate, and the Q-switch on the TOF probe laser. Once DG3 is triggered, it sends a signal to
the main trap end caps (Wiley McLaren 1 and 2) to switch on and guide/focus the ions out of the
trap and into the TOF. As the ions fly down the TOF, the mass gate timings are adjusted to select
the desired tagged species. Prior to the selected time, the mass gate voltage is high which deflects
unwanted ions. Then at the specified voltage the mass gate voltage drops low and allows all other
ions to pass. The mass gate timing is system dependent, with heavier systems requiring a longer
time to get to the mass gate. For the typical systems studied throughout this work, the mass gate

timing is usually between 20-40 us. The Q-switch timing is then adjusted to occur after the mass



68

gate timing such that it allows for the laser to achieve the best temporal overlap with the tagged
complex. Therefore, the Q-switch timing is usually set to occur 0.4-1.5 us after the mass gate
timing. Again, the larger the system, the larger the difference between the timing of the mass gate
and Q-switch. Finally, the flashlamp timing for the TOF probe laser on DG1 is adjusted such that
the power out of the Nd:YAG does not exceed 6W.

As mentioned above, there is a timing set up in case a two-photon process of the main
tagging trap pump laser is required. Mainly, it has been found to be required when experimentally
determining conformer population ratios, rather than using a comparison of experimental peak
areas and computational peak intensities to determine these values. In this setup, the pump main
trap laser is on its 10 Hz cycle, however the instrument is now on a 5 Hz cycle. Though much of
the timings are similar, there are a couple things that differ. In the one-photon process of the main
trap pump laser, the experiments are triggered by the To output of DG4 (instead of DG1). All other
experimental timings are referenced to the To from DG4. DG4 also triggers two other delay
generators (DG 1 and 2) such that all timings are referenced to the same value. The timing scheme
will be discussed below in the order in which the ions travel through the instrument.

This main timing sequence begins when the pulse valve of the main tagging trap is
triggered by the To output of a delay generator (DG4). Once DG4 is triggered, it triggers the
reaction trap timings (as before) and the reaction trap pulse valve. The reaction trap exit aperture
is pulsed as it was before, however, the reaction trap pulse valve is now fired 15 ms after the pulse
valve for the main trap is fired. Thus, it holds the gas in the reaction trap for a second cycle since
the gas was not introduced before the exit was supposed to happen. Once the next cycle of the
instrument starts, the original ions are transferred to the main trap where they are held for 195 ms

(double the time than before). This turns DG1 into a 5 Hz cycle box. Since the TOF probe laser
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timings are on DG1 which was turned into a 5 Hz cycle they should not be used since they need
to run properly at 10 Hz. Once two cycles are completed, the RF voltages in the main tagging trap
are turned off and the RF power supply sends a TTL signal to DG3, just as before. Everything else
following occurs the same way as before. Sample timings for the two-photon main trap pump laser

is shown in Table 2.2.

2.13 Voltage Settings

The voltages applied at the various stages of the instrument can vary from day to day and
are dependent on the system being studied. Traditionally, peptides follow very similar settings,
with the main differences being in the RF1 voltage. However, the voltages can vary a bit when
switching from a peptide system to a catalyst or metal system. Regardless, the voltages typically
follow trend where they gradually decrease as the ions move through the various stages of the
instrument. Typical voltages for both the front half of the instrument and the TOF region can be
found in Table 2.3. The settings shown are fairly “soft” settings which prevents fragmentation,
promotes the formation of water clusters in the reaction trap, and promotes the formation of Do-
tagged adducts in the main trap. These voltages can be adjusted to “hard” settings to induce
fragmentation, not have as much tagging, or not form clusters. Specifically, peptide ion
fragmentation is sensitive to the ESI voltage and RF1 voltage: the higher the voltage, with respect
to the rest of the voltages, the higher the fragmentation yield. Likewise, clustering in the reaction
trap is sensitive to settings such as RT Entrance, RT Bias, RT Exit High, and RT Exit Low. Finally,
tagging in the main trap is very sensitive to Einzel lens 1/3, Enizel lens 2, Main Trap Bias, and

Wiley-McLaren (WMC) 1 and WMC2. The more drastic the difference between previous voltage



Table 2.2. Sample timings for two-photon experiments utilizing Laser 2 (MT). The Laser
1 (TOF) Delays and Widths are grayed out since during these experiments, Laser 1 cannot
be turned on. The difference between the two-photon MT experiment and normal IR-IR
experiments is that here, DG4 is internally triggered rather than DG1, and the Main Trap
RF timing is 195 ms rather than 95 ms, making it 5 Hz.

DG1 (Triggered by To) Channel Timing
Main Trap Pulse Valve To -
Main Trap RF A To+ 195 ms
Laser 1 (TOF) Flash Lamps (Delay) C A - 263 us
Laser 1 (TOF) Flash Lamps (Width) D C+10pus
DG2 (Triggered by To) Channel Timing
Reaction Trap High A 5.6 ms
Reaction Trap Low B A +1.800 ms
Reaction Trap Pulse Valve C 15.0 ms
DG3 (Triggered by Main Trap RF) Channel Timing
Wiley-McLaren (WMC) 1 (Low) A 0 + 500 ns
WMC 1 (High) B A + 500 ns
WMC 2 (Low) C 0 +500 ns
WMC 2 (High) D C +500ns
Mass Gate (High) E 0 +35.45 ps
Mass Gate (Low) F E + 200 pus
Laser 1 (TOF) Q-Switch (Delay) G 0+ 36.76 us
Laser 1 (TOF) Q-Switch (Width) H G+ 10 us

Delay Generator 4 (DG4) Channel Timing

Laser 2 (MT) Q-Switch Delay A To+ 94 ms
Laser 2 (MT) Q-Switch Width B A+10pus
Laser 2 (MT) Flashlamp Delay C A -284 pus
Laser 2 (MT) Flashlamp Width D C+ 10 us




Table 2.3. Typical voltages used for water clustering. In this case, these voltages are for
the optimization of AlasH"(H20).D,. Acronyms used: RF = Radio Frequency, RT =
Reaction Trap, MT = Main Trap.

Region Power Supply Applied Voltage

ESI +2.2 kV
Capillary +146.0 V
lon Source Skimmer +141.0 V
RF1 +102.5V

Aperture +89.1V

RF2 +87.1V

RT Entrance +86.4 V

Reaction Trap RT Bias +82.8V
RT Exit High +90.2 V

RT Exit Low +78.6 V

RF 3 Bias +77.5V

Aperture 2 -15V

RF4 Bias +58.0 V

Main Trap Einzel 1 & 3 -81.2V
Einzel 2 +40.4 V

Main Trap Bias +54.6 V

HV1 (WMBC 1) +75.0V
HV 2 (WMBC 2) -308.0V

Liner -1981 V

Focus 0.0V

Deflector Left/Right 1 -1990 V

Deflector Up/Down -1951V

TOF/Reflectron Einzel 2 -2270 V
Deflector Left/Right 2 -2170V
Reflectron Front -930.0 V
Reflectron Back +150.0 V

Mass Gate Low (-) -2098 V
Mass Gate High (+) +1004 V

MCP -4500 V
RF 1 Amplitude +393.0V
RF 2 Amplitude +456.0 V
Amplitude RF 3 Amplitude +409.0 V
RF 4 Amplitude +388.0 V
RT RF Amplitude +333.0 V
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and the voltage that follows, the “harder” the settings and the less likely it will be to create clustered

and tagged species.

2.14 Computations

Unless otherwise specified, all calculations were performed using Gaussian 16.2° For the
bulk of our calculations, DFT is utilized largely due to the size of the systems we are calculating.
However, ab initio methods, such as MP2, are used on a small subset of computations once the
lowest energy conformers have been found with DFT. In general, computational time scales as
O(N*) where N depends on the size of the molecule that the computations are being done on and
X depends on which method is being utilized. DFT scales as ~O(N®) whereas MP2 scales as
~O(N®).? Hence, DFT is more feasible for a larger amount of computations for these larger
systems.

To begin our computations, a basin hopping program developed by the Hopkins group**/
at the University of Waterloo is employed. This program can probe a system’s conformational
landscape utilizing AMBER parameters. It has proven to be very useful for fluxional molecules
that can adopt various conformations, such as for a variety of protonated tripeptides, or for probing
various solvent arrangements around such fluxional molecules.”® 2’ The program can iteratively
and randomly move specified parameters such as bond angles, distances, and dihedrals, as well as
a combination of all three, within a specified range and then reoptimize after each step for a
specified number of steps. Dihedral rotations are most commonly probed for the various angles
within peptides, and translational and rotational parameters are commonly probed for each
individual water molecule. This allows for a large sampling of the conformational landscape and

gives a range of conformations in which the lowest energy unique conformers can be selected for
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further analysis utilizing Gaussian 16. Multiple iterations of the program can be run at the same
time with the same and different starting structures to thoroughly find the maximum number of
unique conformers that each system may have.

Once the basin hopping program has given as many unique conformers as it can, these
conformers are sequentially optimized in DFT, increasing in both functional accuracy and basis
set size until the final optimization utilizing the cam-B3LYP functional, def2-TZVP basis set, and
Grimme’s dispersion correction with Becke-Johnson Damping (GD3BJ). Harmonic frequencies
to obtain vibrational spectra are also calculated at the cam-B3LYP/def2-TZVP/GD3BJ level. This
functional and basis set has been shown to provide good agreement with our experimental spectra
and is found to be a good balance for accuracy and computational time.>* 1% Once the energetic
ordering is obtained through the DFT calculations, MP2/def2-TZVP is utilized to provide a more
accurate energetic comparison between conformers. Due to its larger computational time scale, it
is usually not feasible to calculate optimizations of all conformers at the level. Thus, MP2 is used
only on the lowest 10-20 isomers. Though MP2, in general, gives more accurate energetics, for
molecular systems with H-bonding systems, there seems to be a discrepancy between MP2 and
DFT (see Chapter 4). Therefore, the lowest energy structures found from DFT and MP2

respectively are used to help identify the conformers within the system.
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Abstract

This Viewpoint 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 D»-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 yield similar cluster structures for the
small GlyH"(H.0)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 298 K is explored using a series of model polyalanine

chains.
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3.1 Viewpoint

The Letter by Saparbaev et al.X aimed to compare the structure of microhydrated protonated
glycine [GlyH*(H20)s] and triglycine [GlysH*(H20)] clusters produced by two different
approaches. In their experiment, clusters were formed directly by soft electrospray ionization
(“soft-ESI” hereafter) and thermalized in a room temperature storage ion trap for 45 ms before
they were cooled to 6 K 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 in
which the same species were formed by clustering H2O onto the bare GlyH" or GlysH* ions in an
80K ion trap (“clustering approach” hereafter).® The clusters were then cooled to 10 K in a
cryogenic ion trap and D»-tagged prior to spectroscopic interrogation. The observed differences in
the GlyH"(H20)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.”-23

Herein, 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 D»-
tagged speciesi*2> whereas 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 D> presence are usually quite small, its interaction with specific N—H and

O—H groups can nonetheless cause a ~10-50 cm redshift in their infrared vibrational bands.*
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16-17 The H0 binding energy in GlyH"(H20) is calculated (cam-B3LYP/def2TZVP) to be around
6500 cm™ (77.8 kJ/mol), and therefore the IRMPD scheme requires the absorption of 2-3 photons
in the 2900-3800 cm* 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.181° The
multiphoton nature of the IRMPD process can also make it more sensitive toward the higher-
energy kinetically trapped conformers that require fewer photons for dissociation.

We have reacquired the IR spectra of the GlyH"(H20)1-3 clusters, using the exact same 80
K ion trap clustering approach used in Refs 2 and 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 Figures
3.1-3.3 (black trace) and compared to those of Saparbaev et al. (red trace). The D-tagged IRPD
spectra from Refs 2 and 3 (blue trace) are also included for comparison. All spectra in the figures
have been normalized to the common H,O sym. stretch around 3630-3650 cm™ 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 D,-tag. We
recognize that our previous work did not adequately describe the inferred effects of the D, tag on
the spectra and that this might have affected the interpretation of Saparbaev et al. Herein, we will
use the D2-tagged IRPD and IRMPD spectra acquired under the same conditions to highlight these
perturbations.

In Figure 3.1, the peak at 3340 cm™ in the GlyH*(H20) 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 D> 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 D>
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Figure 3.1. (Top panel) IRMPD spectra of GlyH*(H.0), produced through clustering
approach (black trace; this work) and soft-ESI (red trace; Saparbaev et al.2). IRPD spectra
of GlyH*D(H-0), produced via clustering approach (blue trace; previous work22). All
traces are normalized to their respective free O—H water sym. stretch between 3630 and
3650 cm?. (Bottom panels) Harmonic spectra calculated at the cam-
B3LYP/def2TZVP/GD3BJ level.
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tag) are shown in Figure 3.1. These two conformers are necessary to explain the presence of small
peaks at 3080 and 3277 cm™. Because conformer I-A has only one free N—H, the addition of a
D,-tag is expected to redshift it and therefore, the peak at 3339 cm* 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 3357 cm™ to this conformer. In the
absence of D-tag, the calculation predicts that these two features should be overlapping, consistent
with the single peak at 3360 cm™ in both IRMPD shown in Figure 3.1. We note that the IRMPD
of Saparbaev et al. also exhibits peaks at 3080 and 3277 cm%, 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*(H20)2 spectrum. In our previous
work, we identified the presence of 3 conformers (11-A, 11-B and 11-D) which are shown in Figure
3.2. The presence of ~15% of I1-D, in which the water interacts with the carboxylic acid O—H,
was confirmed and quantified with the observation of its unique C=0 stretch at 1757 cm™ (not
shown here; see Ref 3). The remaining ~85% conformer population was assigned to conformers
I1-A and 11-B. In Ref 3, isomer-specific IR-IR double resonance was used to confirm that the two
peaks at 3313 and 3344 cm™ belong to separate conformers. Because both I1-A and 11-B have only
one free N—H, we would expect them to be red-shifted 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 D,-tag. However, the IRMPD of Saparbaev et al. clearly shows a
feature at 3375 cm™ which is consistent with the calculated spectra of 11-A, 11-B, and 11-D. Here
the presence of multiple conformers with similar IR spectra makes it difficult to conclusively

compare the conformers produced by both clustering methods.



Figure 3.2. (Top panel) IRMPD spectra of GlyH*(H20),, produced through clustering
approach (black trace; this work) and soft-ESI (red trace; Saparbaev et al.2). IRPD spectra
of GlyH"D,(H20),, produced via clustering approach (blue trace; previous work3). All
traces are normalized to their respective free O—H water sym. stretch between 3630 and
3650 cm?. (Bottom panels) Harmonic spectra calculated at the cam-
B3LYP/def2TZVP/GD3BJ level.
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Finally, in the GlyH"(H20); spectra shown in Figure 3.3, the presence of the D»-tag
redshifts the carboxylic O—H feature from 3560 cm™ in the IRMPD spectrum to 3538 cm™ in the
D»-tagged spectrum. In our previous work, we identify the presence of 4 conformers for
GlyH*(H20)3, which are shown in Figure 3.3. Conformer IlI-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™. Because the N—H groups are completely occupied by the water molecules, the
most likely D»-tagging site is the carboxylic acid O—H, consistent with the shifted frequency of
this feature in the D>-tagged IRPD spectrum. In our previous work, the small peaks at 3312 and
3349 cm™ were assigned to the presence of conformers 111-B and I11-A, respectively. Finally, the
presence of conformer 111-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 l11-C is less than 10%. The IRMPD spectra of Saparbaev et al. clearly exhibit features at ~3315,
~3355 and ~3560 cm™ which are consistent with the presence of the same I11-A, 111-B and I11-D
major conformers.

Overall, careful analysis of the spectra shows that similar GlyH*(H20), cluster 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 should not be directly compared, but rather, the resulting structures
obtained from properly analyzing them within their respective framework should be considered.
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"(H20) the carboxylic O—H

peak at 3550 cm™ is much more intense in the black trace. In GlyH*(H20). and GlyH*(H20)s, the
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Figure 3.3. (Top panel) IRMPD spectra of GlyH*(H20)s, produced through clustering
approach (black trace; this work) and soft-ESI (red trace; Saparbaev et al.). IRPD spectra
of GlyH"D,(H20)s, produced via clustering approach (blue trace; previous work3). All
traces are normalized to their respective free O—H water sym. stretch between 3630 and
3650 cm?. (Bottom panels) Harmonic spectra calculated at the cam-
B3LYP/def2TZVP/GD3BJ level.
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N—H peak between 3300 and 3400 cm™ 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 pioneered by Lee and co-workersZ® and recently adapted
by Yang et. al.2X might provide vibrational spectra of mass-selected ions which are free tag
perturbation and non-inear effects and closer to the true linear absorption spectra.

The results that both cluster formation schemes essentially yield similar conformers for the
GlyH*(H20)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 3.4), 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*(H20): and
~9.0 kd/mol for GlyH*(H20).. For reference, the average vibrational internal energies, calculated
using harmonic frequencies, is 15.0 and 24.5 kJ/mol for GlyH*(H20): and GlyH*(H20)2 at 298 K,
respectively. Using the Rice-Ramsperger-Kassel-Marcus (RRKM) theory?2 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 298 K. 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"(H20)z, the fast unimolecular dynamics means
that kinetic trapping of conformers is unlikely to occur on the millisecond experimental time scale
unless the activation barrier is very close to, or larger than, the vibrational internal energy. This is

illustrated in Figure 3.5, which shows the half-life of a GlyH"(H20)2 conformer at room
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Figure 3.4. GlyH*(H.0) labeled as (A) “intrinsic gas-phase” and (B) “native solution-
phase” form as labeled by Saparbaev et al.! GlyH*(H.0); in its (C) “intrinsic gas-phase”
and (D) “native” form.




Figure 3.5. Calculated half-life of a GlyH*(H.0). conformer at room temperature as a
function of the conversion barrier height. The red dotted line marks the internal energy of
GlyH*(H20). at 298 K.
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temperature as a function of a hypothetical interconversion barrier height. For an internal energy
of 24.5 kJ/mol, half-lives shorter than 1 us are found for all barrier heights less than ~23 kJ/mol.
For increasingly more complex species or larger clusters, the rate of unimolecular reaction would
decrease because of the large increase in vibrational state density. However, the vibrational internal
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 298 K, shown in Figure 3.6a, scales almost linearly from 40 to 295
kJ/mol when the chain length is increased from 3 to 20 monomers. Figure 3.6b (black trace)
shows the minimum conversion barrier height necessary to produce conformer half-life of at least
50 ms at 298 K as a function of the number of monomers. For the smallest (Ala)s 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 Kkinetic trapping even at internal
energies well above the barrier. We note that Zwier and co-workers2® reached similar conclusions
by applying similar RRKM calculations to the conversion of the protonated pentapeptide YGPAA
in a cryogenic ion trap. The 50 ms time scale 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
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Figure 3.6. (A) Calculated average vibrational internal energy at 298 K for linear
polyalanine peptide chains with 3-20 monomers. (B) Minimum conversion barrier height
necessary to produce a conformer half-life of at least 50 ms (black trace) or 0.5 ms (red
trace) at 298 K as a function of the number of monomers.
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calculated the necessary barriers for producing a conformer half-life of 0.5 ms at 298 K, as shown
in Figure 3.6b (red trace). Despite a 100 x shorter time scale, the required barrier heights are
reduced by less than only 20%. This shows that the combination of internal energies and
unimolecular reaction rates are the dominant factors in producing kinetically trapped structures.
While the 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 because of its lower ~80 K
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 298 K cluster. The formation of
kinetically trapped structures would require cooling of this excess energy on unrealistically short
picosecond time scale. Using the inelastic collision model of Drahos and Vekey,?* we estimate
that the time scale for cooling at 1x10 Torr to be on the order of milliseconds, which leaves ample
time for conformer conversion. We have demonstrated previously? that for GlyzsH*(H20), a ~68
kJ/mol barrier between conformers could be overcome by the ~70 kJ/mol water binding energy
during the clustering process at 80 K, 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
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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 H.O
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 10 K 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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CHAPTER 4

Conformational Changes Induced by Methyl
Side-Chains in Protonated Tripeptides
Containing Glycine and Alanine Residues
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Abstract

We present a systematic study of the conformational and isomeric populations in gas-phase
protonated tripeptides containing glycine and alanine residues using infrared predissociation
spectroscopy of cryogenically cooled ions. Specifically, the protonated forms of Gly-Gly-Gly,
Ala-Gly-Gly, Gly-Ala-Gly, Gly-Gly-Ala, Ala-Ala-Gly, Ala-Gly-Ala, Gly-Ala-Ala, and Ala-Ala-
Ala allow us to sample all permutations of the methyl side-chain position, providing a
comprehensive view of the effects of this simple side-chain on the 3-D structure of the peptide.
The individual structural populations for all but one of these peptide species are determined via
conformer-specific IR-IR double resonance spectroscopy and comparison with electronic structure
predictions. The observed structures can be classified into three main families defined by the
protonation site and number of internal hydrogen-bonds. The relative contribution of each
structural family is highly dependent on the exact amino acid sequence of the tripeptide. These
observed changes in structural population can be rationalized in terms of the electron-donating
effect of the methyl side-chain modulating the local proton affinities of the amine and various

carbonyl groups in the tripeptide.
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4.1 Introduction

Hydrogen bonding (H-bonding), both inter- and intramolecular, plays a vital role in the
conformational and folding patterns of peptides and proteins. The overall 3-D structure of peptides
and proteins is therefore directly dependent on factors that can modulate the relative strengths of
H-bonds. The simple alkane side-chains on amino acid residues have obvious steric effects on H-
bonding, e.g. their steric bulk can hinder H-bond formation. However, previous work? in our group
has shown that the electron donating nature of a methyl side-chain can also affect the strength of
nearby H-bonds. Specifically, the methyl side-chain changes the strength of the intramolecular H-
bond in protonated alanine compared to protonated glycine, which in turn influences the number
of water molecules necessary to break the intramolecular H-bond, leading to the two amino acids
having different micro-solvated cluster structures. We rationalized this electronic effect of the
methyl group by correlating the observed intramolecular H-bond strengths with the measured
proton affinities of the glycine and alanine amino acids. Here, we extend this work by
systematically studying the structural landscape of protonated tripeptides containing glycine and
alanine residues and analyzing the results in terms of local proton affinities.

The increased chain length in these tripeptides gives rise to many more possible
conformations due to their flexibility and ability to fold to create a network of intramolecular H-
bonds. In fact, triglycine and trialanine have been shown to be the simplest and smallest peptides
that can adopt structural and conformational features of the larger peptides.?® This increasing
flexibility and the additional stabilizing effect of internal H-bonds is also reflected in the increasing
gas-phase basicity*’ and acidity® of the peptides with increasing chain length. The electronic effect
of the side-chain on the gas-phase basicity of peptides has also been studied.®° Carr et al. found

that protonated Gly-Gly-Ala and Gly-Ala-Gly featured similar proton transfer reaction efficacies,
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but it was slower in Ala-Gly-Gly.® This highlighted the effect of the methyl side-chain presence
near the N-terminus, the expected protonation site. Bokatzian-Johnson et al. determined that the
gas-phase acidity of Gly-Ala-Gly, Ala-Gly-Ala, and Ala-Ala-Ala to be slightly smaller than that
of Gly-Gly-Gly. This was consistent with electronic structure calculations showing that the methyl
substituent had little effect on the structure of the neutral and anionic form of these peptides.®

Vibrational spectroscopy of mass-selected ions is a powerful technique for studying 3-D
structures of isolated flexible peptides. The frequencies of the N-H, O-H and C=0 modes are
particularly sensitive to the presence and strength of H-bond interactions, and thus serve as
excellent in situ indicators of the overall 3-D structure. Peptide structures in the gas-phase have
been widely studied using IR multiple photon dissociation (IRMPD),'*'” IR-UV hole burning®-23
and IR predissociation (IRPD) of messenger-tagged ions.?*?® IRPD can be further enhanced via
conformer-specific IR-IR double resonance approaches,®*’ which provide the vibrational
signatures of individual isomers or conformers contributing to the overall spectrum. This is
particularly useful in the case of flexible peptides which can adopt a wide range of conformations.
For example, in an earlier study, we used IR-IR double-resonance spectroscopy to study the
structure of protonated triglycine,®® and found two isomers, differing by the protonation site,
contributing to the overall spectrum.

In this paper, we present a systematic study of the effect of methyl side-chain on the
structural populations in protonated tripeptides containing glycine and alanine residues. The
protonated forms of Gly-Gly-Gly (GGG), Ala-Gly-Gly (AGG), Gly-Ala-Gly (GAG), Gly-Gly-
Ala (GGA), Ala-Ala-Gly (AAG), Ala-Gly-Ala (AGA), Gly-Ala-Ala (GAA), and Ala-Ala-Ala
(AAA) allow us to explore all possibilities of positioning the methyl groups within the tripeptide

and provide more meaningful interpretation of the experimental results. The structural population
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for each tripeptide species is determined with the help of conformer-specific IR-IR double
resonance spectroscopy and electronic structure computations. Comparisons between
experimental IRPD and calculated spectra provided structural assignments for 7 of the 8 species.
Overall, we found 3 structural families, differing primarily by protonation site and number of
internal H-bonds. We use these results to draw conclusions about how the methyl side-chain can
influence the structural population ratios. Calculated local proton affinities, modulated by the

presence of the methyl side-chain, are used to rationalize these changes in population.

4.2 Experimental and Computational Details

The IRPD spectra presented here were obtained using our home-built dual cryogenic ion
trap vibrational spectrometer described in detail previously.®® Protonated tripeptide ions were
generated via electrospray ionization of an ~1 mM tripeptide solution in methanol with trace
amounts of formic acid. The GGG and AAA peptides were obtained from Millipore Sigma while
the other mixed peptides (AGG, GAG, GGA, AAG, AGA, GAA) were synthesized according to
standard methods which are detailed in the Section 4.3. Hexapole ion guides transferred the ions
through a series of differentially pumped regions and into a linear octupole ion reaction trap, held
at 80 K by a liquid nitrogen cryostat. Collisions of the ions in the trap with the helium buffer gas
introduced in an ~1 ms burst at the beginning of the trap sequence induced thermalization of the
ions. These ions were then transferred to a 3D quadrupole ion tagging main trap held at 10 K by a
closed-cycle helium cryostat. Here, the ions were further thermalized with helium buffer gas
seeded with 10% D3, allowing the formation of D»-tagged adducts. These tagged adducts were
then extracted into a time-of-flight (TOF) mass spectrometer. The [protonated tripeptide]™D:
adducts were mass-selected and intersected with the output of a 10 Hz Nd:YAG pumped optical

parametric oscillator (OPO)/optical parametric amplifier (OPA) infrared “probe” laser. Resonant
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absorption of a single photon was sufficient to induce the loss of the weakly-bound D> tag. The
photofragment ions were then separated from the parent adducts by a two-stage reflectron. The
yield of these photofragment ions as a function of laser wavelength produced the one-laser IRPD
spectra.

Conformer-specific IR-IR spectra®®-3! were obtained by focusing the output of a second
Nd:YAG pumped tunable OPO/OPA infrared “pump” laser directly into the 10 K tagging main
trap, ~94 ms after the introduction of the buffer gas and 1 ms before the ion extraction. This timing
scheme limits re-formation of the tagged parent adducts before ejection into the TOF. To acquire
an “ion-dip” spectrum, the TOF probe laser was fixed at a particular resonant frequency such that
monitoring decreases in the photofragment yield as a function of pump laser wavelength results in
an IR-IR spectrum that only contains contributions from the probed vibration. To acquire an “ion-
burn” spectrum, the pump laser was fixed at a resonant frequency, thus removing those
conformer(s) from the mass selected ion packet interrogated by the TOF probe laser.

The IRPD spectra presented here were normalized to the most intense feature in each
spectral region; that is, the 1400-1900 cm™ region was normalized to the C=0 stretch, while the
2600-3800 cm™ region was normalized to the OH stretch.

The lowest energy structures of protonated GGG had been identified previously.o 33 39-41
However, to insure that all low energy structures of the other seven species are considered, we
performed systematic computational structure searches using the molecular mechanics basin
hopping program developed by Hopkins and co-workers.**¢ A linear chain structure was the
starting point and the dihedral angles were iteratively stepped 7,000 times by a random value
between £5°. After each iteration, the resulting structure was optimized using the AMBER force

field. The Gaussian 16 program*’ was used for the subsequent DFT and MP2 calculations. The
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AMBER structures were optimized at the BLYP/3-21g level, and all duplicate structures were
rejected. Structures within 140 kJ/mol of the lowest energy structure were further optimized at the
cam-B3LYP/6-311g level and duplicate structures were again rejected. Finally, all structures with
a relative energy less than 50 kJ/mol above the lowest energy structure found were optimized at
the cam-B3LYP/def2-TZVP/GD3BJ level. Harmonic frequency calculations were then performed
on structures with relative energies less than 25 kJ/mol above the lowest energy structure found to
determine zero-point energy (ZPE) corrections. This level of theory has previously been shown to
yield good agreements with experimental spectra of similar species. 333 % These lowest energy
structures were then optimized at the MP2/def2-TZVP level. The ZPE corrections from the
corresponding DFT calculations are applied to the MP2/def2-TZVP energies. Though the MP2
energies have a different ordering than the cam-B3LYP energies, it can help guide relative
stabilities of the various structures. Finally, DLPNO-CCSD single point energies are found for the
DFT structures at the def2-TZVP def2/J level.*#4° The relevant calculated results are summarized
in Table 4.1 and the full results are included in Table 4.2.

The structure naming scheme used here is similar to VVoss et al.*® and Fischer et al.*? It is
based on the protonation site (N for the amine, and O for the amide carbonyl), configuration of the
first amide bond (c for cis, and t for trans amide), and final letter denoting the conformational
family. All the structures discussed here fall into three distinct structure families which are shown
in Figure 4.1: 1) Amide carbonyl protonated (O'A), 2) Amine protonated with all three carbonyls
H-bonded to the amine (N°A), and 3) Amine protonated with only two carbonyls H-bonded to the
amine (N'B and N°B).

The calculated harmonic IR spectra presented here were scaled in the 2400-3800 cm™

region using the experimental position of each species’ respective carboxyl OH stretch, and in the
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Table 4.1. Calculated relative energies of tripeptide structures in kd/mol. DFT energies are
from optimized structures at the cam-B3LYP/def2-TZVVP/GD3BJ level and include ZPE
correction. MP2 energies are from optimized structures at the MP2/def2-TZVP level and
include ZPE correction from the DFT structures. DLPNO-CCSD are single point DLPNO-
CCSD/def2-TZVP def2/J energies for the DFT structures.

DLPNO-
CCSD
OtA 0.00 7.61 14.61
GGG | N°A 7.29 0.00 0.00
N°B 8.22 4.46 6.40
O'A 2.05 16.57 21.87
AGG | N°A 0.00 0.00 0.00
N'B 6.26 9.11 6.85
Ot'A 0.00 4.55 11.12
GAG | N°A 9.43 0.00 0.00
N'B 8.42 2.29 3.98
OtA 0.00 5.57 13.03
NCA 8.32 0.00 0.00
N°B 8.94 3.19 5.35
N'B 12.21 4.96 5.43
O'A 0.75 13.54 18.24
AAG | N°A 1.02 0.00 0.00
N'B 0.00 2.80 3.53
O'A 1.04 14.61 20.18
AGA | N°A 0.00 0.00 0.00
N°B 1.88 3.84 5.47
O'A 0.00 2.05 6.59
N°B 8.34 0.00 0.00
O'A 0.00 9.61 14.27
AAA | N°A 7.54 5.06 2.68
N°B 0.16 0.00 0.00

DFT MP2

GGA

GAA
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Table 4.2. Calculated relative energies (kJ/mol) of lowest energy isomers for all species.
The cam-B3LYP energies include ZPE correction. MP2 include the cam-B3LYP ZPE
correction. DLPNO-CCSD and LCCSD(T) are single point energies at the cam-B3LYP
structures. LLCSD(T) include ZPE scaling corrections. Those structures that are bolded
are found within the experiment.

cam-B3LYP/ MP2/ DLPNO-CCSD/ | LCCSD(T)/
def2-TZVP/GD3BJ | def2-TZVP def2-TZVP def2-TZVP
OtA 0.00 7.61 14.69 1.15
NCcA 7.29 0.00 0.07 1.63
GGG NCcA* 7.29 0.00 0.00 0.00
NcB 8.22 4.46 6.47 2.69
NtB 11.35 6.27 8.10 8.70
NtB* 11.35 4.46 8.09 2.16
OtA 2.05 16.57 22.02 19.66
NCcA 0.00 0.00 0.15 0.00
AGG NCcA* 0.00 0.00 0.00 11.31
NcB 2.17 5.49 7.01 5.31
NtB 3.92 6.66 7.52 7.87
NtB* 6.26 9.11 7.00 8.53
OtA 0.00 4.55 11.12 0.00
NCcA 9.43 0.00 0.00 0.01
GAG NCA* 17.49 8.87 8.46 31.68
NcB 7.75 1.97 4.44 2.09
NtB 23.13 17.13 18.18 57.95
NtB* 8.42 2.29 3.98 2.55
OtA 0.00 5.57 13.03 0.76
NCcA 14.66 6.02 5.32 6.07
GGA NCcA* 8.32 0.00 0.00 0.00
NcB 8.94 3.19 5.35 3.89
NtB 12.21 4.96 5.43 7.71
NtB* 20.91 13.23 13.21 62.70
OtA 0.75 13.54 18.24 18.90
NCcA 1.02 0.00 0.00 0.00
AAG NCcA* 8.79 8.28 8.28 38.02
NcB 0.63 2.92 5.08 3.03
NtB 14.71 17.70 17.82 55.15
NtB* 0.00 2.80 3.53 1.96
OtA 1.04 14.61 20.18 14.51
NCcA 6.48 6.20 5.58 1.55
AGA NCcA* 0.00 0.00 0.00 3.87
NcB 1.88 3.84 5.47 0.00
NtB 3.58 5.31 4.96 0.35
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NtB* 12.17 13.48 12.59 55.45
OtA 0.00 2.05 6.59 0.00
NCcA 17.01 5.70 2.85 8.22
GAA NCA* 18.64 8.40 5.72 28.70
NcB 8.34 0.00 0.00 3.28
NtB 23.45 15.12 12.92 56.66
NtB* 17.95 8.80 7.09 63.42
OtA 0.00 9.61 14.27 2.44
NCcA 7.54 5.06 2.68 4.06
AAA NCcA* 8.73 6.93 5.33 15.37
NcB 0.16 0.00 0.00 0.00
NtB 13.83 14.91 12.39 23.46
NtB* 8.06 8.35 6.22 51.33




Figure 4.1. Representative structures of the low-energy structure families. O'A is
protonated at the O1 site; N°A is protonated at the N1 amine with three internal H-bonds;
N*B is also protonated at the N1 amine but only has two internal H-bonds. The methyl
side-chain groups are in green.

N°B
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N*B
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1400-1900 cm™ based on each species’ respective C=O stretches. The calculated spectra are
Gaussian broadened with areas corresponding to the calculated intensities to facilitate comparisons
to the experimental spectra.

Furthermore, in order to help rationalize the experimental observations, the site-specific
proton affinities of the tripeptides were computed at the camB3LYP/def2-TZVP level. This was
achieved using a rigid linear peptide chain structure with fixed backbone dihedral angles and
placing a proton at the terminal amine (N1), the carbonyl closest to the amine terminal (O1), the
central carbonyl (02), and the carboxyl terminal (O3), shown in Figure 4.2. The proton affinity
was then computed using a standard method.>® The calculated results are summarized in Table

4.3.

4.3 Synthesis of Tripeptides
The synthesis method detailed here is a standard method for synthesizing peptides in the
Gellman Group at the University of Wisconsin, Madison. Mary Katherine Andrews in the Gellman

Group synthesized all non-commercialized tripeptides with the following method.

4.3.1 General Procedure

Peptide Synthesis and Purification NovaPEG Wangresin (200 umol by acid loading [0.9
mmol/g], 222 mg) is added to a Torviq solid-phase peptide synthesis vessel along with a micro stir
bar. Resin is swelled in DCM for 30 minutes before beginning synthesis. Fmoc amino acid (3.5
eg., 0.7 mmol) and HATU (3.45 eq., 0.69 mmol) are weighed into 24 mL glass vials. Amino acid
and coupling reagent are pre-activated by adding 12 mL biotech grade DMF, DIEA (8 eq., 280

uL, 1.6 mmol), and vortexing. The pre-activated amino acid sits at room temperature for 5 minutes.



Figure 4.2. Structure of tripeptides used for calculating the proton affinities at various
positions. Each protonated structure energy was compared to that of the top linear neutral
structure. N1 has the excess proton located on the amine, O1 has the excess proton located
on the carbonyl at the N-terminus, O2 has the excess proton located on the central carbonyl,
and O3 has the excess proton located on the carboxylic acid.
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Table 4.3. Calculated proton affinities of each linear tripeptide at each possible site of
protonation. All proton affinity values are in kJ/mol. Proton affinities are found at the cam-
B3LYP/def2-TZVP level with ZPE correction and temperature corrections to the

vibrational enthalpy.

PA

Position (kJ/mol)
N1 888.5
GGG |01 855.4
02 803.5
03 638.0
N1 895.6
AGG o1 857.5
02 800.4
03 634.2
N1 889.0
GAG o1 860.0
02 807.8
03 640.9
N1 888.3
GGA |01 858.8
02 810.7
03 650.3
N1 898.3
AAG 01 862.1
02 804.0
03 636.2
N1 897.9
AGA |01 862.1
02 811.2
03 643.4
N1 887.1
GAA |01 860.3
02 808.0
03 644.2
N1 900.6
AAA 01 866.6
02 812.0
03 645.1
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DCM used to swell the resin is aspirated from the vessel, the resin is washed 5X with DMF and

then capped at the bottom. The pre-activated amino acid solution is added to the vessel.

4.3.2 Coupling of amino acids

The reaction vessel containing the resin and pre-activated amino acid is transferred to the
microwave reactor, and the temperature sensor is placed in the vessel. The microwave coupling
program is initiated which S3 ramps to 70°C over two minutes, and holds at 70°C for thirteen
minutes. After the coupling, the vessel is taken out of the microwave and aspirated. The resin is

then washed 5X with ACS grade DMF. The vessel is then capped.

4.3.3 Deprotection of amino acids

To the reaction vessel is added 12 mL of 20 %v/v piperidine in ACS DMF, and the vessel
is moved to the microwave reactor. The temperature probe is placed in the vessel. The microwave
deprotection program is initiated, which ramps to 80°C over two minutes and holds at 80°C for
four minutes. After deprotection, the vessel is aspirated and the resin is washed 5X with ACS
DMF. Subsequent coupling and deprotection steps are carried out until the final residue has been

coupled.

4.3.4 Cleavage of peptides from resin

Cleavage is performed by withdrawing 12 mL of 2.5 % TIPS, 2.5 % Water, 95% TFA into
the reaction vessel using the syringe plunger and rocking the vessel for 3 hour at room temperature.
Crude peptide solution is expunged into a 50-mL centrifuge tube, resin is washed 3X with TFA,

and TFA is blown off under a stream of N2. Once most of the TFA is removed, the crude peptide
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is precipitated by addition of 40 mL cold diethyl ether and pelleted using a centrifuge at 4,300 rpm
for 5 minutes. The supernatant ether is decanted, and the crude peptide solid is dried under a stream

of No.

4.4 Calculating Conformer/Isomer Population Ratios
4.4.1 1somer-specific Parent lon Depletion Experiment

Isomer depletion experiments in the cryogenic ion trap were performed for GGG and AAA
at three different wavelengths: at the carboxyl O-H (common to all isomers) and at wavelengths
unique to the O'A, and the N°A/N°B conformer. The laser pulse energy was increased in small
steps, and the remaining parent ion mass intensity was recorded. Between each data point
recording, a “blank™ of the full signal was recorded to account for ion signal fluctuations due to
the signal over time. The normalized parent ion intensity was then plotted against the laser pulse
energy and fitted with an exponential decay function. The carboxylic acid O-H, common to all
isomers/conformers, was used to ensure that the infinite laser pulse energy extrapolation was close
to ~100% depletion of the parent signal. A similar extrapolation for the wavelengths unique to
each isomer/conformer was used to determine their relative population. The peaks chosen for
GGG were 3573 cm (free carboxylic O-H), 3480 cm™ (NCA), and 3398 cm™ (O'A). At infinite
laser pulse energy, the depletion were found to be 95(3)% at 3573 cmt, 26(5)% at 3480 cm?, and
66(11)% at 3398 cm™. The peaks chosen for AAA were 3573 cm™ (free O-H), 3445 cm™ (O'A),
and 3419 cm™ (N°B). At infinite laser pulse energy, the depletion were found to be 94(1)% at

3573 cm?, 62(11)% at 3445 cm™, and 34(5)% at 3419 cm™.
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4.4.2 Calculated Intensity Comparison Method

The second method used to determine the conformer population uses the calculated
intensities of unique bands. Gaussian curves were fitted to peak unique to individual conformers
in the experimental spectra and used to determine their relative intensities. The experimental peak
area was then divided by the normalized computed absorption cross-section at the cam-

B3LYP/def2-TZVVP/GD3BJ level of theory.

4.5 Results

The IRPD overview (1600-3600 cm™) spectra of all 8 tripeptides considered here are
shown in Figure 4.3. Four spectral regions of interest are highlighted: 1) The free (i.e. non H-
bonded) carboxyl O-H stretch around 3575 cm™ in green, 2) the free amine/amide N-H stretches
between 3380-3500 cm™ in blue, 3) the broad and redshifted H-bond donor N-H and O-H stretches
between 2900-3400 cm™ highlighted in purple, and 4) the carbonyl C=0 and amide | modes
between 1650-1800 cm™ in orange. We note that the various C-H modes appear between 2900 cm®
1and 3050 cm™ but are expected to be quite weak compared to the O-H and N-H modes. A
summary of all peak assignments is shown in Table 4.4.

Notable variations in the IRPD spectra can be clearly seen for this series of tripeptides.
They are most striking for the N-H and C=0 stretches, whose positions are highly sensitive to
intramolecular H-bonds and, in turn, to the overall peptide conformation. These overview spectra
clearly show that the introduction of a simple methy!l side-chain can heavily modulate the structural
populations of the tripeptide. The use of systematic Gly/Ala substitutions here can therefore
inform on the mechanism by which this modulation occurs. In order to perform this analysis, the

isomeric structure and population for each tripeptide must first be determined.
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Figure 4.3. Overview of the IRPD spectra of all 8 peptides considered here in the 1600-
3600 cm™ range. The free O-H region is highlighted in green, the free N-H in blue, H-
bonded N-H & O-H in purple, and the C=0 region in orange.
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Table 4.4. IRPD peak positions and assignments. All values are in cm™,
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Peptide | Assignment | Exp. Freq. Isomer Specific features
OHca str 3575
NH2, asym. 3457 (O'A) 3347 (N°A)
NH2, sym. 3397 (O'A) 3246 (N°A)
NiH 3035 (N°A)
GGG N2H 3205 (O'A) 3438 (N°A)
N°H 3358 (O'A) 3481 (N°A)
CH 2900-3000
C=0Ostr 1790 (O'A) 1770 (N°A)
OHca str 3575
NH2, asym. 3446 (O'A) 3352 (N°A) 3206 (N'B*)
NH2, sym. 3385 (O'A) 3247 (N°A) 3350 (N'B*)
NiH 3042 (N°A)
AGG N2H 3170 (O'A) 3437 (N°A) 3460 (N'B*)
N3H 3366 (O'A) 3483 (N°A) 3446 (N'B*)
CH 2880-3025
C=Ostr 1784 (O'A) 1769 (N°A) 1743 (N'B*)
OHca str 3575
NHo2, asym. 3456 (O'A) 3359 (N'B*)
NH2, sym. 3398 (O'A) 3189 (N'B*)
NIH 3022 (N'B*)
GAG N2H 3216 (O'A) 3418 (N'B*)
N®H 3370 (O'A) 3456 (N'B*)
CH 2890-3125
C=0O str 1785 (O'A) 1742 (N'B*)
OHca str 3573
NH2, asym. 3458 (O'A) 3350 (N°A*) 3090 (N°B) 3214 (N'B)
NH2, sym. 3400 (O'A) 3251 (N°A*) 3052 (N°B) 2976 (N'B)
NiH 3027 (N°A*) 3361 (N°B) 3450 asy, 3359 sym (N'B)
GGA N2H 3219 (O*A) 3440 (N°A*) 3442 (N°B) 3450 asy, 3359 sym (N'B)
N3H 3356 (O'A) 3462 (N°A*) 3476 (N°B) 3450 (N'B)
CH 2911-3031
C=0 str 1779 (O'A) 1750 (N°A*) 1737 (N°B) 1737 (N'B)
OHca str 3574
NH, asym. 3457 (O'A) 3349 (N°A) 3166 (N'B*)
NH2, sym. 3388 (O'A) 3148 (N°A) 3070 (N'B*)
NIH 3045 (N°A) 3351 (N'B*)
AAG N2H 3192 (O'A) 3421 (N°A) 3444 (N'B*)
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N3H 3374 (O'A) 3482 (N°A) 3454 (N'B*)
CH 2870-3040
C=0Ostr 1777 (O'A) 1739 (N°A) 1744 (N'B*)
OHca str 3574
NH2, asym. 3474 (O'A) 3140 (N°B) 3237 (N'B)
NH2, sym. 3388 (O'A) 3023 (N°B) 2975 (N'B)
NIH 3349 (N°B)
AGA N2H 3190 (O'A) 3441 (N°B) 3446 asy, 3346 sym (N'B)
N°H 3360 (O'A) 3474 (N°B) 3446 asy, 3346 sym (N'B)
CH 2880-3070
C=0 str 1780 (O'A) 1742 (N°B) 1742 (N'B)
OHca str 3547
NHz, asym. 3457 (O'A) 3010 (N°B)
NHz2, sym. 3400 (O'A) 2953 (N°B)
NIH 3361 (N°B)
GAA N2H 3228 (O'A) 3418 (N°B)
N3H 3362 (O'A) 3472 (N°B)
CH 2860-3050
C=0 str 1778 (O'A) 1737 (N°B)
OHca str 3574
NH2, asym. 3447 (O'A) 3171 (N°B)
NH2, sym. 3382 (O'A) 3023 (N°B)
N'H 3355 (N°B)
AAA N2H 3195 (O'A) 3420 (N°B)
N®H 3367 (O'A) 3473 (N°B)
CH 2920-3080
C=0 str 1776 (O'A) 1742 (N°B)
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Figure 4.4 and Figure 4.5 shows the spectra of GGG and AAA in the 1400-1900 cm™ and
2800-3800 cm™ regions. For both species, the number of peaks within the C=0 stretch and N-H
stretch regions is more than what would be expected for a single tripeptide structure, indicating
the presence of more than one isomer and/or conformer. The spectral deconvolution, assignment,
and quantification for GGG was described in detail previously®® and the same procedure is used
here. Briefly, using an IR-IR ion-dip scheme with the probe laser fixed at 3480 cm™ and 3200 cm-
! two distinct spectra were obtained, as shown in grey in Figure 4.4. Comparing these spectra
with the calculated spectra of some of the lowest energy structures found in the computational
search yields good agreement with the calculated spectra of N°A and O!A, as shown. These two
structures are sufficient for making assignments to all the peaks in the experimental spectrum and
a third potential structure based on relative energies, N°B, can be ruled out. The isomer population
distribution can be estimated by comparing experimental peak areas and calculated intensities of
peaks unique to each isomer. In GGG, we chose the symmetric and asymmetric stretches of the
free NH, (3400 cm™ and 3457 cm respectively) of O'A and the amide stretches (3440 cm™ and
3482 cm™) of NCA. This analysis yields O'A and NCA contributions of 65(18)% and 35(3)%,
respectively.

To verify the validity of this method for the tripeptide species, we also carried out an isomer
depletion experiment. The fraction of ion depletion resulting from the IR absorption at a
wavelength unique to each isomer was measured as a function of laser pulse intensity.>? The
resulting data was fitted with an exponential decay function and extrapolated to infinite laser pulse
intensity. The isomer ratio obtained from the isomer depletion experiment was found to be
consistent within error bars to the ratio found via intensity comparison method described in the

previous paragraph. Therefore, we opt to use the easier intensity comparison method for all the



Figure 4.4. IRPD spectra of Gly-Gly-Gly H* compared to harmonic spectra calculated at
the cam-B3LYP/def2-TZVP/GD3BJ level. The isomer specific IR-IR spectra are overlaid
on the calculated spectra of the structure that they correspond. The calculated carboxyl
group vibrations are green, amine group vibrations are magenta, CH, group vibrations are
tan, and combination bands are denoted in an orange color. Each structure’s population

percentage and respective errors, in parenthesis, are denoted next to their names.
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Figure 4.5. IRPD spectra of Ala-Ala-Ala H" compared to the lowest energy harmonic
spectra calculated at the cam-B3LYP/def2-TZVP/GD3BJ level and the isomer specific ion
dip spectra for each structure. See Figure 4.4 caption for color code of calculated spectra.
Each structure’s population percentage and respective errors, in parenthesis, are denoted
next to their names.
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other species presented in this paper. More details on both isomer quantification methods can be
found in Section 4.4.

A similar approach is applied to the analysis of AAA IRPD spectra, shown in Figure 4.5.
An IR-IR ion-burn with the pump laser fixed at 3471 cm™* produces a spectrum in good agreement
with the calculated spectrum of O'A. By subtracting this IR-IR spectrum from the ion-burn
spectrum acquired with laser fixed at 3448 cm™, we obtained a spectrum which matches the
calculated spectrum of N°B. Significant contribution from N°A can be eliminated based on the
absence of a peak around 3275 cm™. Using the experimental peak areas and calculated intensities
of the symmetric and asymmetric stretches of the free NH, (3380 cm™ and 3444 cm™ respectively)
of O'A as well as the amide stretches (3420 cm™ and 3472 cm™) of N°B indicate an O'A and N°B
contributions of 65(1)% and 35(2)%, respectively.

The structure identification and quantification for all other tripeptides follow the same
methods as described above. Therefore, only the relevant details will be highlighted in the next

two sub-sections.

4.5.1 One Alanine substitution, (AGG, GAG, GGA)

The IRPD spectra of AGG is shown in the top panel in Figure 4.6 and Figure 4.7. It
contains six features in the free amine NH and carboxyl OH stretch regions, which again indicate
the presence of more than one structure. Using the IR-IR ion-dip approach with probe laser fixed
at 3482 cm™, 3459 cm?, and 3370 cm™ allowed us to isolate the spectral signatures of three distinct
structures. These isomer-specific spectra, shown in the three lower panels of Figure 4.6, are in
excellent agreement with the calculated spectra of N°A, N'B, and OA, respectively. All three

structures were found to have nearly equal population of 30(1)%, 40(1)%, and 30(2)%,
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Figure 4.6. IRPD spectra of Ala-Gly-Gly H* compared to the lowest energy harmonic
spectra calculated at the cam-B3LYP/def2-TZVP/GD3BJ level and the isomer specific ion
dip spectra for each structure. See Figure 4.4 caption for color code of calculated spectra.
Each structure’s population percentage and respective errors, in parenthesis, are denoted
next to their names.
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Figure 4.7. IRPD spectra of AGG and calculated harmonic spectra of the six lowest energy
structures at the cam-B3LYP/def2-TZVP/GD3BJ level of theory. The calculated carboxyl
group vibrations are green, amine group vibrations are magenta, CH, group vibrations are
tan, and combination bands are denoted in an orange color. For relative energies of these

structures, see Table 4.2.

IRPD " AGG
OtA | ?-_lolql |F| | LI I LI I 1
I HQO b-op"’g‘ °©  NH str.
I‘ -0 o]
5ll LI Al LI 1 //| rrrrriria IC:|H|Str| 1 |j|\| 1 |‘|\| 1 rri
NCA | I/ i _P_ | | | |
H3
of
e w5 il
Al LI 1 //| LI LI LI LI LI LI LI
NCA*I 7/ [ | [ [ [ [
G ‘}kaﬁfﬁ
: - Oﬁ&?go
« ) o=
|‘i| |‘.J\-|A| 1 1 //| |©| | | | LI | LI LI LI LI
NCB [ 7/ [ | [ [ [ [
CH, 4;):
r\ bend 0 oo /\/\ A
. /1 o
|t| 1 I LI | I |// LI I |EE|3(|DI 1 | I LI I LI | I LI I LI
N'B b2 @g\&@
1 q%*o .*O A
MU LN /1 A~
I\lltlBl* LI I |// LI I | | 1 I 1 | | I LI I LI I LI I LI
S 'fgrﬁo M
A Y b___, N
I LI I LI I |// LI I LI I LI I LI I LI I LI I LI

1400 1600 1800

2600 2800 3000 3200 3400 3600 3800
Wavenumbers (cm™)

124



125

respectively. The IRPD spectra of AGG and calculated harmonic spectra of the six lowest energy
structures is shown in Figure 4.7.

The one-laser IRPD spectrum of GAG is shown in Figure 4.8 and Figure 4.9. The
presence of the distinctive symmetric (3399 cm™) and asymmetric (3460 cm™) NH: stretches
suggest contribution from O'A. To verify this, we carried out IR-IR ion-burn with the pump laser
fixed at 3424 cm, corresponding to a free amide stretch of a different isomer. This spectrum is
overlaid on the calculated spectra of O'A on the bottom panel of Figure 4.8 and displays excellent
agreement. The ion-burn spectrum is then subtracted from the one-laser IRPD spectra, yielding a
spectrum in agreement with N'B (middle panel, Figure 4.8). Hence, these two isomers account
for all the observed peaks in the IRPD spectrum. The symmetric stretch of the free NH2 (3399 cm’
1) of O'A and free amide N-H amide stretch (3419 cm™) yield an O'A/N'B ratio of 70(2)%/30(2)%.
The IRPD spectra of GAG and calculated harmonic spectra of the six lowest energy structures is
shown in Figure 4.9.

The IRPD spectrum of GGA is shown in Figure 4.10 and Figure 4.11. The general
appearance of the spectrum suggest that O'A is the most abundant structure. The O'A spectrum
was isolated through IR-IR ion-dip with the probe laser fixed at 3399 cm™ (bottom panel, Figure
4.10), yielding a spectrum in excellent agreement with the calculated one. Almost all peaks in the
one-laser spectrum are accounted for by O'A, except shoulder peaks at 3247 cm™ and 3441 cm™.
Another IR-IR ion dip with the probe laser fixed on peak 3441 cm™ was acquired (second panel,
Figure 4.10). It displays at least three partially resolved peaks between 3400 cm™ and 3500 cm™,
indicating the presence of at least two of the N°A, N°B and N'B conformers. Unfortunately, these
peaks are not resolved enough to be separated by IR-IR methods. Although it is clear that O'A is

the dominant isomer, we are not able to confidently assign structure ratios for GGA due to the



Figure 4.8. IRPD spectra of Gly-Ala-Gly H" compared to lowest energy harmonic spectra
calculated at the cam-B3LYP/def2-TZVP/GD3BJ level and the conformer-specific IR-IR
spectra for each structure. See Figure 4.4 caption for color code of calculated spectra. Each
structure’s population percentage and respective errors, in parenthesis, are denoted next to
their names.
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Figure 4.9. IRPD spectra of GAG and calculated harmonic spectra of the six lowest energy
structures at the cam-B3LYP/def2-TZVP/GD3BJ level of theory. The calculated carboxyl
group vibrations are green, amine group vibrations are magenta, CH, group vibrations are
tan, and combination bands are denoted in an orange color. For relative energies of these

structures, see Table 4.2.
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Figure 4.10. IRPD spectra of Gly-Gly-Ala H* compared to lowest energy harmonic spectra
calculated at the cam-B3LYP/def2-TZVP/GD3BJ level and the conformer-specific IR-IR
spectra for each structure. See Figure 4.4 caption for color code of calculated spectra.
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Figure 4.11. IRPD spectra of GGA calculated harmonic spectra of the six lowest energy
structures at the cam-B3LYP/def2-TZVP/GD3BJ level of theory. The calculated carboxyl
group vibrations are green, amine group vibrations are magenta, CH, group vibrations are
tan, and combination bands are denoted in an orange color. For relative energies of these
structures, see Table 4.2.
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inability to fully identify and quantify all the structures present. The IRPD spectra of GGA and

calculated harmonic spectra of the six lowest energy structures is shown in Figure 4.11.

4.5.2 Two Alanine substitution, (AAG, AGA, and GAA)

The IRPD spectrum of AAG as well as the three lowest energy structures, O'A, N°A, and
N'B, are shown in Figure 4.12 and Figure 4.13. Once again, there are numerous features in the
3100-3500 cm™ region, indicating the presence of multiple structures. IR-IR ion-dip with the
probe laser fixed at 3482 cm™ (second panel, Figure 4.12), yielded a spectrum in good agreement
with the calculated spectrum of N°A. The probe laser was then set to 3445 cm™ and we were able
to obtain a spectrum that shows good agreement with the calculated spectrum of N'B. These two
conformers cover majority of the peaks within the overall IRPD spectrum, with the exception of a
peak at 3376 cm™. Thus, setting the probe laser at that wavelength yielded a spectrum in good
agreement with the calculated O'A spectrum. Utilizing the N-H free amine and amide stretches
from N°A (3419 cm™ and 3483 cm™) and N'B (3458 cm't) as well as H-bonded amide stretch from
O*A (3373 cm™) we obtain a OtA/NCA/N'B ratio of 45(1)%/30(1)%/25(1)%. The IRPD spectra of
AAG and calculated harmonic spectra of the six lowest energy structures is shown in Figure 4.13.

The IRPD spectrum of AGA is shown in Figure 4.14 and Figure 4.15. The main N-H
peaks at 3188, 3356, and 3447 cm™ and the minor N-H peak at 3384 are consistent with O'A being
the main isomer. This was confirmed using IR-IR ion dip at 3188 cm™. This assignment leaves
only the small peak at 3473 cm™ unexplained. Subtracting the O'A IR-IR spectrum from the one-
laser IRPD gives us the signature of the minor isomer which matches nicely with N°B. Given this

assignment, we obtained a O'A/N°B population ratio of 85(6)%/15(7)%, using unique peaks
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Figure 4.12. IRPD spectra of Ala-Ala-Gly H" compared to lowest energy harmonic spectra
calculated at the cam-B3LYP/def2-TZVP/GD3BJ level and the conformer-specific IR-IR
spectra for each structure. See Figure 4.4 caption for color code of calculated spectra.
Each structure’s population percentage and respective errors, in parenthesis, are denoted

next to their names.
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Figure 4.13. IRPD spectra of AAG and calculated harmonic spectra of the six lowest
energy structures at the cam-B3LYP/def2-TZVP/GD3BJ level of theory. The calculated
carboxyl group vibrations are green, amine group vibrations are magenta, CH» group
vibrations are tan, and combination bands are denoted in an orange color. For relative
energies of these structures, see Table 4.2.
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Figure 4.14. IRPD spectra of Ala-Gly-Ala H* compared to lowest energy harmonic spectra

calculated at the cam-B3LYP/def2-TZVVP/GD3BJ

level and the conformer-specific IR-IR

spectra for each structure. See Figure 4.4 caption for color code of calculated spectra. Each
structure’s population percentage and respective errors, in parenthesis, are denoted next to

their names.
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Figure 4.15. IRPD spectra of AGA and calculated harmonic spectra of the six lowest
energy structures at the cam-B3LYP/def2-TZVP/GD3BJ level of theory. The calculated
carboxyl group vibrations are green, amine group vibrations are magenta, CH» group
vibrations are tan, and combination bands are denoted in an orange color. For relative
energies of these structures, see Table 4.2.
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discussed above. The IRPD spectra of AGA and calculated harmonic spectra of the six lowest
energy structures is shown in Figure 4.15.

Finally, the IRPD spectrum of GAA is shown in Figure 4.16 and Figure 4.17. Looking at
the 2400-3800 cm region, it appears that only one structure is present since there are only 5 major
peaks. These peaks again display the signature NH2 modes of O'A. IR-IR ion-dip with the probe
laser fixed at 3457 cm™ yields a spectrum in excellent agreement with the calculated spectrum of
O'A. However, looking at the 1400-1900 cm region, there is one major peak at 1720 cm that
cannot be accounted for by O'A. This feature, as well as some very small peaks in the N-H region,
are consistent with N°B. Therefore, we can assign N°B as the minor isomer. Utilizing the peaks
in the N-H stretch region we have obtained a ratio of O'A/N°B as 90(2)%/10(15)%. The IRPD
spectra of GAA and calculated harmonic spectra of the six lowest energy structures is shown in

Figure 4.17.

4.6 Analysis and Discussion

The structures found for all the tripeptides considered here fall in three main families: O'A,
NCA, N*B, as shown in Figure 4.1. In OA, protonation occurs at O1 site and is directly stabilized
by a strong H-bond to O2. In NCA and N*B, protonation occurs at the amine terminus and is
stabilized by either two or three intramolecular H-bonds. An additional structural variation within
these isomers involves the first amide groups adopting either the trans or cis configuration. The
calculated relative energies presented in Table 4.1 show a dependence on the amino acid sequence.
However, as discussed in our earlier work on GGG, the calculated relative energies cannot easily
be corelated with the observed population ratios. First, there is a large difference between the DFT

and MP2 results. The DFT method tends to strongly favor the OA isomers while MP2 favors the



Figure 4.16. IRPD spectra of Gly-Ala-Ala H* compared to lowest energy harmonic spectra
calculated at the cam-B3LYP/def2-TZVP/GD3BJ level and the conformer-specific IR-IR
spectra for each structure. See Figure 4.4 caption for color code of calculated spectra. Each
structure’s population percentage and respective errors, in parenthesis, are denoted next to

their names.
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Figure 4.17. IRPD spectra of GAA and calculated harmonic spectra of the six lowest
energy structures at the cam-B3LYP/def2-TZVP/GD3BJ level of theory. The calculated
carboxyl group vibrations are green, amine group vibrations are magenta, CH» group
vibrations are tan, and combination bands are denoted in an orange color. For relative
energies of these structures, see Table 4.2.
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NCA and N*B isomers. The DPLNO-CCSD favors the N°A and N*B isomers even more strongly
than MP2. The source of this discrepancy is unclear but is probably related to the strong H-bonds
formed at the protonation site. Moreover, for each method, the calculated relative energies are
generally not consistent with the experimental observation of multiple contributing structures,
even if thermal and entropic contributions are taken into account. We note that kinetic trapping of
solution-structures is unlikely in our experiment. This is supported by the observation of structures
with cis amide group or protonation at the carbonyl, both of which are not favored in solution. In
our previous work,% we have shown that collision with water in the gas-phase can provide
sufficient energy to overcome the ~70 kJ/mol barrier for amide bond rotation and ~45 kJ/mol
barrier for proton transfer between the N1 and O1 site. Therefore, such collisions in the high-
pressure region of our instrument are likely to create conformer population representative of gas-
phase energetics, despite disagreements with calculated energies.

Figure 4.1 also shows that the influence of the methyl side-chain on the tripeptide 3-D
structure is not a steric effect. The methyl group(s) are all located on the outside perimeter and
are not hindering the formation of any of the three structural families. Moreover, all three
structural families are found to have similar structural parameters, independent of the presence of
the methyl side-chains.’® Therefore, we turn to the other potential effect of the side-chain, the
inductive electronic effects that can modulate local proton affinities. For example, the presence of
the methyl side-chain makes the proton affinity of alanine (901.6 kJ/mol)** 14-2°slightly larger than
that of glycine (886.5 kJ/mol)!!12 14 This change in proton affinities also translates into changes
in the strength of H-bond formed in these species. This is exemplified in protonated glycine and
alanine, where the frequency shift of the H-bonded N-H, and thus the H-bond strength, are

different.> 13 For the tripeptides considered here, with multiple sites available for protonation and
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H-bonding, local modulation of the proton affinity by the methyl side-chain can energetically favor
a specific structure depending on the position of the Ala substitution.

Therefore, to analyze the structure population in terms of local proton affinities, we
performed electronic structure calculations starting from a fully extended neutral tripeptide chain
shown in Figure 4.2. Geometry optimizations and frequency calculations were performed for
structures corresponding to protonation at the amine (N1), each of the carbonyl oxygen (O1 and
02), and carboxyl oxygen (O3) sites. For all protonated structures, all dihedral angles were
constrained to avoid folding, which allowed computation of local proton affinities representative
of the interaction of a proton at a single specific site, without contributions/complications from
intramolecular H-bonds. The local proton affinities were calculated using a standard method®? and
summarized in Table 4.3. These local proton affinities are smaller than the overall proton affinity
of the molecule because they don’t include the inevitable formation of H-bonds following
protonation. For example, the highest calculated local proton affinity in GGG is 888.5 kJ/mol at
the N1 site while the experimental proton affinity of GGG is 966.8 kJ/mol.'* However, these local
proton affinities provide a number that can be more easily compared to show how the methyl side-
chain affect the proton affinity of different sites. For example, the local proton affinities of GGG
can be subtracted from those of AGG to show the effect of a Gly/Ala substitution at the N-terminus.
These differences upon substitution are collected in Table 4.5.

In order to discuss the electronic effects of methyl side-chain substitution on the tripeptide
structure distribution more effectively, we will focus on two distinct molecular changes: 1) The
location of the extra proton, i.e., on the amide carbonyl or terminal amine, and 2) the presence of
two or three H-bonds in the case of the amine protonation. In order to elucidate the origin of these

effects, it is useful to express the structure populations in two different ways that directly correlate



Table 4.5. Differences in the calculated proton affinities to determine how the change in
the methyl placement changes the proton affinity of the molecule per proton placement.
Proton affinities are found at the cam-B3LYP/def2-TZVP level with ZPE correction and
temperature corrections to the vibrational enthalpy.

APA (kJ/mol)
N-terminus AGG-GGG AAG-GAG AAA-GAA
N1 7.18 9.33 13.51
01 2.11 2.08 6.33
02 -3.15 -3.81 3.97
03 -3.79 -4.73 0.96
Central GAG-GGG AAG-AGG AAA-AGA
N1 0.55 2.70 2.70
o1 4.62 4.59 4.52
02 4.26 3.59 0.80
03 2.97 2.04 1.72
C-terminus AGA-AGG AAA-AAG GAA-GAG
N1 2.31 2.31 -1.87
o1 4.59 4.52 0.27
02 10.81 8.03 0.24
03 9.25 8.94 3.25

Table 4.6. Experimentally determined structural population ratios with their respective
errors in parenthesis. These total population ratios are then split into population ratios of
the N isomers (N°A +N*B) and the O isomer (O'A). And then finally within the N isomers,
the change between N°A and N*B conformers.

NA NB OA |N% 0% |A% B%
GGG |353) O 65(18) | 35 65 100 0
AGG [30(1) 40(1) 30(2) |70 30 45 55
GAG |0 30(2) 70(2) |30 70 0 100
AAG |30(1) 25(1) 45(1) |55 45 55 45
AGA |0 15(7)  85(6) |15 85 0 100
GAA |0 10(15) 90(2) |10 90 0 100
AAA |0 35(2) 65(1) |35 65 0 100
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with the observed changes: 1) The O% and N% protonation percentages defined as
(OtA/total)*100 and ((NCA+N*B)/total)*100 , and 2) The A% and B% defined as (NCA/(N°A +
N*B))*100 and (N*B/(NA + N*B))*100. These ratios are summarized in Table 4.6 for each

species.

4.6.1 Protonation at Amine Vs Carbonyls

To see the effect of the methyl side-chain on the preferred protonation site, we can look at
pairs of tripeptides which only differ by a single Gly/Ala substitution at one specific position. For
example, AGG vs. GGG, AAG vs. GAG, and AAA vs. GAA all highlight the effect of the Gly-to-
Ala substitution at the N-terminus. Looking at the differences in the local proton affinities for
these pairings (Table 4.5), it is clear that this substitution substantially increases the N1 proton
affinity more than any other site. This is consistent with the experimental observation that this Ala
substitution increases the contribution of the N-protonated isomers, by 25-35%, for all three pairs
(Table 4.6). However, it is important to note that there are changes in the proton affinity at other
positions in the tripeptide as well. These more remote changes can also be relevant because they
can influence the strength of their respective local H-bond interactions within the structure. This
is particularly relevant when trying to understand the changes induced by Ala substitution at the
central amino acid.

The proton affinity differences between GAG and GGG, AAG and AGG, and AAA and
AGA highlight the effect of the Gly-to-Ala substitution at the central position. For GAG vs. GGG
and AAG vs. AGG, the largest differences in local proton affinities are located at the O1 and O2
sites. Although it should be noted that the difference in proton affinity here is only about half of

that in the N-terminus substitution. Overall this is consistent with these Ala substitutions favoring,
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by 5-15%, the O1 protonation site, in which the proton is also forming a strong H-bond with O2.
The situation is different for AGA vs. AAA, where the central Ala substitution led to a 20%
increase for N protonated isomers. Unlike the two previous pairs, the proton affinity changes
related to this Ala substitution is predominantly on the N1 and O1 sites. The mechanism for this
different behavior is unclear. However, the proton affinity change is consistent with the observed
increased preference for N-protonation since these structures have a strong H-bond between
protonated amine and O1.

For Ala substitution at the C-terminus, there are again three different pairs of peptides that
can be compared: AGA vs. AGG, AAA vs. AAG, and GAG vs. GAA. For AGA vs. AGG and
AAA vs. AAG, the Ala substitution led to the largest positive proton affinity difference at the O2
and O3 positions. Both N- and O-protonated isomers have H-bonds that involve these sites.
However, the substitution also gave rise to large positive proton affinity difference at the O1 site
and a smaller one at the N1. Therefore, the combined strong increase of the O1 and O2 proton
affinity is consistent with the observed 20-55% increase in preference for the O protonation site
upon Ala substitution. For the last GAG vs. GAA pair, the changes in proton affinities are rather
small but still favor slightly the O1 and O2 position over the N1, again consistent with an increase
in fraction of O-protonated structure.

The overall effect we observe here is that the differences in local proton affinities arising
from the methyl group’s electron donating characteristic can provide valuable insights regarding
the preferential protonation site, a key characteristic that can significantly influence a peptide’s 3D

structure.
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4.6.2 Changes in the N°A and N*B conformer populations

We also examined the changes in population between different anime protonated
conformers: N°A vs. N*B. As shown in Figure 4.1, the main difference between these two groups
of conformers is that in N°A, O1, O2 and O3 are all involved in H-bonding with the protonated
amine while in N*B, only O1 and O3 are H-bonded to the protonated amine. However, these
conformers also differ in the relative strength of the various H-bonds, which can be deduced from
their calculated lengths. For the N°A conformer of GGG, the N1H-O2 H-bond is the shortest at
1.8 A while the N1H-O1 and N1H-O3 H-bonds have similar calculated lengths of 2.4 A. In the
N*B conformers, the length of the N1H-O1 and N1H-O3 H-bonds are reduced to 2.1 A and 1.8 A,
respectively. Using the empirical relationship between H-bond length and bond energy,>* we can
estimate that the total H-bonding energy in all of N-protonated conformers are similar, despite the
different number of individual interactions.

The population ratios of these two groups of conformers were determined for seven of the
tripeptides as listed in Table 4.6. The GGG, AGG, and AAG peptides are the only species that
contain the N°A conformer. All the N1-protonated GGG are in the N°A conformation, while about
half of them are N°A for AGG and AAG. For all the other peptides considered here, only the N*B
conformations are observed. Therefore, starting from GGG, any Ala substitution generally favors
the formation of NXB over N°A, i.e. favoring formation of stronger but fewer intramolecular H-
bonds.

Analyzing the N°A/N*B population ratio in terms of local proton affinity changes is more
difficult because of the multiple competing factors involved in the relative H-bond strengths.
However, using the difference in H-bond highlighted above, we can infer that the increase in local

proton affinities at the O1 and O3 sites, relative to that of the O2 site, should favor the N*B
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conformations by increasing the strength of the N1H-O1 and N1H-O3 H-bonds relative to the
N1H-02 H-bond. Looking at the effect of Ala substitutions in Table 4.5, we see that the total
difference at the O1 and O3 sites is always more positive than that of the O2 site for an Ala
substitution at any position within the peptide. The calculated proton affinity changes are therefore

generally consistent with the experimental observations.

4.7 Conclusions

In this paper, we report the experimental IR-IR double resonance spectra and
computational efforts that allowed us to determine how Gly-to-Ala substitution influences the gas-
phase structural population of model protonated tripeptides. The structures present fall into three
structural families that differ mainly by protonation site and number of internal H-bonds. The 3-
D geometry of each isomer and conformer is such that steric effect of the methyl side chain cannot
explain the observed variations in population upon Ala substitution. Through this systematic
study, we found that the presence of the methyl side-chain modulates the local proton affinities of
the functional groups that control the preferred protonation site and the relative strength of
intramolecular H-bonds. We demonstrated that the calculated local proton affinities can be used
to qualitatively explain the changes in structural populations of the tripeptides. Overall, our results
show that, in addition to the well-known steric effect of a methyl group, its electronic inductive
effect can also significantly alter the 3-D geometry of a peptide. For example, in going from AGG

to AGA, half of the population changed from the N-protonated isomers to the O-protonated isomer.
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Abstract

We present a study comparing and analyzing the infrared predissociation (IRPD) spectra
of the GlysH*(H20)1-2 and AlazH"(H20)1-2 clusters with the goal of determining the effect of the
methyl side-chains on the microsolvated structures of these flexible peptides. It was shown in our
past work that the amount and position of methyl moieties in a tripeptide, and the addition of one
water molecule in GlysH" can induce a drastic change to the conformer population. Therefore, it
raises the question of whether the electron donating effect of the methyl side-chain is sufficient to
compete with that of the water binding energy. Upon microsolvation, we showed that the two
tripeptides had similarities in the major conformer solvation structures which are all trans species.
However, we found that the two tripeptides differed in their minor cis conformer. As solvation size
increases, due to the population ratios of all conformers, it can be shown that the minor cis
conformers in both tripeptides move from being possibly kinetically trapped to energetically

competitive structures.
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5.1 Introduction

Peptides and large biomolecules can adopt a wide range of conformations due to their high
fluxional nature. The factors that modulate the conformational structure of peptides includes
sterics* and intramolecular hydrogen-bond interactions®® which depends on the exact sequence
of amino acids.”® However, the presence of solvent, particularly water can dramatically change
the conformational landscape through the formation of additional hydrogen-bond interactions.®#
These new intermolecular interactions compete with the intramolecular hydrogen bonding. For
larger peptides, the sums of all these interactions combined to define the secondary and tertiary
structures of proteins and therefore dictate their function. Hence, it is important to fundamentally
understand how different amino acids and their placement within the peptide chain can affect
conformations and the response to solvent interactions. However, probing these structures and
interactions with traditional techniques is difficult due to the multiple conformers which
complicate the spectra and therefore the relevant information that can be extracted from them.
Here we use conformer specific infrared spectroscopy” 1% 1520 of microsolvated clusters of
protonated triglycine and trialanine to study the influence of the methyl side-chain on the solvent
and peptide chain interactions.

Previously we have probed the microsolvation structure of the protonated Glycine and
Alanine amino acids.? We have shown that the presence of the methyl side-chain in Alanine
modulate the strength of the intramolecular H-bond between the protonated amine and the
carboxylic acid carbonyl. This leads to different structures for the small GlyH*(H20), and
Ala*(H20)n clusters because more water solvent molecules are required to break the intramolecular

interaction in AlaH*. Similar effects were found?® in B-AlaH* in which feature a stronger
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intramolecular H-bond than AlaH™ and GlyH™. These structural differences vanish in the larger
clusters with sufficient number of water molecule to outcompete the intramolecular H-bond.??
We have also probed the structures of the bare GlyzH" and AlasH" flexible peptides and found that
once again the presence of the methyl side-chains modulate the strength of intramolecular
interactions and therefore affect the relative stability of different conformations. Three main
conformer families were found for these species and are shown in Figure 5.1: Amide carbonyl
protonated (O!A), 2) Amine protonated with three internal H-bonds (N°A), and 3) Amine
protonated with only two internal H-bonds (N'B and N°B). The relative contribution of these
structure highly depends on the exact sequence of Gly and Ala in the tripeptide.” They also contain
structural motifs such as carbonyl protonation and cis amide bonds which are atypical of solution-
phase peptides. However, for GlyzH*, these unusual motifs disappear upon the addition of a single
H>0 molecule, and the most stable GlysH*(H20) complex involves amine protonation and all trans
amide bonds (Figure 5.1).10

Here we present, analyze, and compare the infrared predissociation (IRPD) spectra
of the GlysH*(H20)1-2 and AlasH*(H20)1-2 clusters with the goal of determining the effect of the
methyl side-chains on the microsolvated structures of these flexible peptides. Considering the
differences in conformer population of each bare ion and the drastic changes induced with the
addition of one water molecule, it raises the question of whether the electron donating effect of the
methyl side-chain is sufficient to compete with that of the water binding energy. The large
conformational space afforded by the peptide chain flexibility and variety of possible water
positions also poses a challenge to the analysis of the spectra. Thus, we have utilized H.O/D.0O
isotopic substitution as well as conformer-specific IR-IR double resonance schemes to assist in

structural analysis. We found that for both tripeptides, the dominant carbonyl protonated isomer



Figure 5.1. Structures of GlysH* and GlysH*(H.O) identified in previous studies'® " along
with their respective conformer population ratios as well as pathway of conformational
change upon addition of one water molecule. Structures of AlasH* identified in a previous
study.” Structures of GlysH*(H20). and AlazH*(H20):» determined in their respective
IRPD spectra.

+2 H,0
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in the bare protonated ion completely disappears upon the addition of water and that the same
conformers with amine protonation and all trans amide bond conformers are formed. However,
difference in the conformers involving cis amide bond are found to persist with the addition of one

or two water molecules.

5.2 Experimental Details

All the IRPD spectra presented were obtained with our home-built dual cryogenic trap
vibrational spectrometer described in detail previously.?® The bare protonated ions were generated
via electrospray ionization (ESI) of an ~1 mM solution of either Glys or Alaz dissolved in methanol
with trace amounts of formic acid. The ions were guided through hexapole ion guides and through
differentially pumped regions and into a linear octupole ion trap mounted to a liquid nitrogen
cryostat and held at 80K. Nitrogen buffer gas seeded with either H>O or D20 was introduced into
the trap in an ~1 ms burst to induce collisional thermalization and the formation of microsolvated
clusters. We have shown previously that under these clustering conditions, H/D exchange between
the ion and the D>O molecules is almost completely quenched. This leads to the formation of
mainly [tripeptideH*(all-H)]-(D20)x clusters with minimal presence of isotopomers containing a
partially deuterated peptide and HDO.?* The microsolvated ion clusters were then gently
transferred through additional hexapole ion guides a 3D quadrupole ion trap held at 10 K by a
closed-cycle helium cryostat. Here, the helium buffer gas seeded with 10% D> allowed for further
thermalization to 10 K and the formation of weakly-bound D tagged-adducts.*® 2> 2 The tagged
adducts were extracted into a time-of-flight (TOF) mass spectrometer. The
[tripeptide™]-(H20/D20)1-2- D2 adducts were mass-selected by a deflector and intersected with the

output of a 10 Hz Nd:YAG pumped tunable optical parametric oscillator (OPO)/optical parametric
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amplified (OPA) infrared “probe” laser. Resonant absorption of a single photon was enough to
induce the loss of the weakly-bound D> tag. The resulting photofragment and parent ions were
then temporally separated by a two-stage reflectron. The one-laser IRPD spectra was produced by
monitoring the yield of the photofragment ions as a function of laser wavelength.

Isomer-specific IR-IR spectra'®'® were obtained by focusing the output of an additional
Nd:YAG pumped tunable OPO/OPA infrared “pump” laser directly into the 10 K tagging main
trap ~94.5 ms after the introduction of the buffer gas and ~0.5 ms before ion extraction.*® To
acquire an “ion-burn” spectrum, the main trap pump laser was fixed at a particular resonant
frequency of one or more conformers such that all conformers containing that frequency dissociate
from the tag in the main trap and therefore get mass-gated out. The probe laser was then scanned
to obtain the IR-IR spectra of all other conformers not containing the resonant frequency of the
main trap pump laser. To acquire an “ion-dip” spectrum, the TOF probe laser was fixed at a
frequency unique to one conformer such that monitoring decreases in the photofragment yield as
a function of main trap pump laser wavelength. This results in an IR-IR spectrum that contains

only contributions from the probed vibration of the conformer of interest.

5.3 Computational Details

The lowest energy conformers of GlysH* " AlazH*,” and GlysH*(H2.0)° ion have been
identified previously. Here we use a similar approach to find the lowest energy structures of
AlazH*(H20)1-2 and GlysH*(H20)2. A systematic computation isomer structure search was done
using the molecular mechanics basin hopping program developed by Hopkins and coworkers.?%2°
The lowest energy structures found for AlazH™ were the starting base structures for AlazH"(H20):

and the water was placed on the protonated amine and hydrogen bonded to one of the C=0 of an
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amide. The lowest energy structures for AlazH*(H20): and GlyzH"(H20)1 were used as the starting
base for the AlasH"(H20), and GlysH*(H20). clusters. The dihedral angles were iteratively
stepped 7,000 times by a random value between £5° and the water was iteratively rotated and
translated by a random value between +5° and 0.2 A, respectively. After each iteration, the
resulting structure was optimized with the AMBER force field. Each unique structure was
subsequently optimized using the Gaussian 16%° program. First, each structure was optimized at
the BLYP/3-21g level, and all duplicate structures and structures above 140 kJ/mol of the lowest
energy structure were rejected. All remaining structures were further optimized at the cam-
B3LYP/6-311g level and duplicate structures and structures with relative energies less than 50
kJ/mol to the lowest energy structure were again rejected. All remaining structures were further
optimized at the cam-B3LYP/def2-TZVP/GD3BJ/BSSE level, including correction for basis set
superposition error.33® Harmonic frequency calculations were then performed on structures with
relative energies less than 25 kJ/mol to the lowest energy structure found to determine zero-point
energy (ZPE) corrections. This level of theory has previously been shown to yield good agreements
with experimental IR spectra of similar species.” 1% 172124 These low energy structures were also
optimized at the MP2/def2-TZVP level and the ZPE correction of the corresponding cam-B3LYP
calculation were applied to the MP2 energetics. The lowest energy structures for GlysH*(H20):
and AlazH*(H20)1-2 are shown in Figure(s) 5.2, 5.3, and 5.4, respectively.

The calculated harmonic peptide modes were scaled using the experimental position of the
free carboxylic acid OH stretch. The calculated harmonic water modes were scaled with a linear
scaling factor 0.7829*(water frequency)+669.76 which was determined though experimental
spectra and calculated structures from previous experiments.'® 2-223 The calculated spectra were

Gaussian broadened with areas corresponding to the calculated intensities to facilitate comparisons
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Figure 5.2. Structures of the lowest energy conformers of GlysH*(H20)..
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Figure 5.3. Structures of the lowest energy conformers of AlasH*(H.0) with GlysH*(H-0)
naming. AlasH"(H-0) energetic naming is denoted with a subscript a before the name.

N, 'E/,N,'C N, ‘A/N, D N, 'A/N,E
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Figure 5.4. Lowest energy conformers of AlasH*(H20). with GlysH*(H20) naming.
AlazH*(H20); energetic naming is denoted with a subscript a before the name.
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to the experimental spectra. The isomer naming scheme used here is similar to previous papers of
the bare structures,” 1% " where the first letter is based on the protonation site (N for the amine,
and O for the amide carbonyl), configuration of the first amide bond (c for cis, and t for trans
amide), and letter denoting the energetic ordering for the GlysH" species. The energetics for the
lowest energy conformers for GlysH"(H20)1-2 and AlasH"(H20)1-2 are shown in Table 5.1 and
Table 5.2, respectively. The AlasH"(H20):-2 energetic ordering is denoted by the same naming
scheme, however, has a subscript (a) in front of the name. The corresponding GlysH*(H20)1-2
structure name is also denoted. The ten lowest energy calculated harmonic spectra for
GlysH*(H20): are shown in Figure(s) 5.5 and 5.6. The fifteen lowest energy calculated harmonic
spectra for AlasH*(H20) are shown in Figure(s) 5.7, 5.8, and 5.9. The fifteen lowest energy

calculated harmonic spectra for AlasH*(H20)2 are shown in Figure(s) 5.10, 5.11, and 5.12.

5.4 Results

The IRPD spectra of GlysH*(H.0/D-0) D, and GlysH*(H20/D,0),' D> are shown in the
top panels of Figure 5.13 and Figure 5.15, respectively, and those of AlasH*(H20/D20) D>, and

AlazH*(H20/D20).'D; are shown in the top panels of Figure 5.14 and Figure 5.16, respectively.

The spectra of the H2O species are shown in blue and the corresponding D20 spectrum is overlaid
in red. The band associated with the water molecules are shifted by the isotopic substitution and
therefore appear in blue (O-H) and red (O-D) in the figure. The features which are common to
both spectra, and appear in purple, therefore belong to the peptide ion.* 2222 This allows the
separation of the peptide and solvent bands, which provide an important additional comparison

criterion with the calculated spectra. We note that there are also some features which appear in



Table 5.1. Lowest energy conformers of GlysH*(H20)1.2.

Conformer | DFT MP2
NwtA 0.0 0.0
Nw'B 6.3 2.4

wC 7.3 15
Nw'D 9.6 -
t
GlysH* + 1 Hz0 mxi 17%0 3(1)
Nw’B 10.5 12.0
Nw°C 11.3 4.9
Nw’D 11.6 13.4
Nw°E 12.2 3.8
Now!A 0.0 0.0
N2w'B 0.1 3.6
N2wtA 0.6 5.5
Now!C 1.4 2.1
Now'D 1.5 3.4
N2w!E 2.9 4.2
. Naow'F 47 7.8
GlysH™+2H0 | G 5.1 6.1

NowH 5.5 4.6
Naw!l 6.5 6.0
Naw't] 6.9 9.6
Now'K 7.9 5.6
Naow'L 8.6 9.7
N2wM 9.2 10.0
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Table 5.2. Lowest energy conformers of AlasH*(H20)1-.

Conformer (Ala

Conformer Energetic Ordering) DFT MP2
NwCA aNuCA 0.0 0.0
Nw!A aNwtA 4.6 5.1
Nw'Q aNw'B 4.9 6.3
Nw'E aNw'C 6.2 7.3
NwCA aNuw’B 7.0 6.8
NwCA aNw°C 7.0 6.8
Nw'A aNw'D 8.4 7.3

AlasH* + 1 H20 Nw!A aNW'E 8.4 7.3
- aNw'F 8.7 8.3

Nw’D aNw’D 12.2 16.6

- aNW°E 14.4 11.8

- aNW'G 14.6 11.6

- aNw'H 14.6 11.6

NwH aNweF 15.9 15.1

Nw°L aNw’G 20.4 21.4

- aNow'A 0.0 6.1

- aN2w'B 0.2 0.0

Now!A* aN2w'C 0.5 0.5

N2Wtc* aNZWtD 08 15

- aNow'E 2.3 3.7

- aNZWtF 35 94

- aNow'G 4.6 6.8

N2WtC aNZWtH 49 64

- aNaw'l 5.5 10.0

Now!A aNawlJ 6.5 75

N N2w'D aN2wtK 7.3 7.8
AlasH™+2H0 | e N2wtL 8.5 11.2
- aNow'M 8.6 10.2

- aN2w'N 9.1 12.1

- aN2w'O 9.1 12.1

- aNow'P 10.7 12.1

- aN2w'Q 11.3 16.7

- aN2w'R 11.6 13.4

- aN2w'S 12.9 17.9

- aNow'T 13.0 13.0

- aNaw'U 13.2 15.1

- aNaw'V 13.4 14.7
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N ZWCA

Now®B

aN 2WtW
aN 2th
aN 2WCA
aN Zth
aN2w°B
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15.7
15.7
16.1
19.7

21.1
20.3
18.9
19.8
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Figure 5.5. IRPD spectra of GlysH"(H20), compared to harmonic spectra of lowest energy
conformers (#1-5) in order calculated at the cam-B3LYP/def2-TZVVP/GD3BJ/BSSE level.
The one-laser IRPD spectrum of GlysH* + 2H,0 (blue) overlaid with GlysH* + 2D0 (red)
is shown on top. All features pertaining to an H2O stretch are shown in blue.

Gly,H*(H,0/D,0),

2400 2600 2800 3000 3200 3400 3600 3800
Wavenumbers (cm™)
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Figure 5.6. IRPD spectra of GlysH"(H20), compared to harmonic spectra of lowest energy
conformers (#6-10) in order calculated at the cam-B3LYP/def2-TZVP/GD3BJ/BSSE
level. The one-laser IRPD spectrum of GlysH* + 2H,0 (blue) overlaid with GlysH* + 2D,0
(red) is shown on top. All features pertaining to an H2O stretch are shown in blue.
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Figure 5.7. IRPD spectra of AlasH*(H20) compared to harmonic spectra of lowest energy
conformers (#1-5) in order calculated at the cam-B3LYP/def2-TZVVP/GD3BJ/BSSE level.
The one-laser IRPD spectrum of AlasH* + H2O (blue) overlaid with AlasH* + D20 (red) is
shown on top. All features pertaining to an H2O stretch are shown in blue.
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Figure 5.8. IRPD spectra of AlasH*(H20) compared to harmonic spectra of lowest energy
conformers (#6-10) in order calculated at the cam-B3LYP/def2-TZVP/GD3BJ/BSSE
level. The one-laser IRPD spectrum of AlasH" + H,O (blue) overlaid with AlasH* + D,O
(red) is shown on top. All features pertaining to an H2O stretch are shown in blue.
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Figure 5.9. IRPD spectra of AlasH*(H20) compared to harmonic spectra of lowest energy
conformers (#11-15) in order calculated at the cam-B3LYP/def2-TZVP/GD3BJ/BSSE
level. The one-laser IRPD spectrum of AlasH™ + H,O (blue) overlaid with AlasH* + DO
(red) is shown on top. All features pertaining to an H2O stretch are shown in blue.
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Figure 5.10. IRPD spectra of AlasH"(H.0). compared to harmonic spectra of lowest
energy conformers (#1-5) in order calculated at the cam-B3LYP/def2-
TZVP/GD3BJ/BSSE level. The one-laser IRPD spectrum of AlasH"™ + 2H,O (blue)
overlaid with AlasH" + 2D,0 (red) is shown on top. All features pertaining to an H,O
stretch are shown in blue.

AlagH*(H,0/D,
aNZWtA
T It T I T T T I T T T I T T T I T T T I T T T I T T T
aN2w B N
T T T I T T T I T T T I T T T I T T T I T T T I T T T
N ZWtA*/aN ZWtC H
\ A, A
T T T I T T T I T T T I T T T I T T T I T T T I T T T
NZWtC*/aNZWtD
T~ AA A_A A
T It T I T T T I T T T I T T T I T T T I T T T I T T T
aN2w E N
T T T I T T T I T T T I T T T I T T T I T T T AI_{\_II\A T
2400 2600 2800 3000 3200 3400 3600 3800

Wavenumbers (cm™)

172



173

Figure 5.11. IRPD spectra of AlasH"(H.0). compared to harmonic spectra of lowest
energy conformers (#6-10) in order calculated at the cam-B3LYP/def2-
TZVP/GD3BJ/BSSE level. The one-laser IRPD spectrum of AlasH®™ + 2H,O (blue)
overlaid with AlasH" + 2D,0 (red) is shown on top. All features pertaining to an H,O
stretch are shown in blue.
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Figure 5.12. IRPD spectra of AlasH"(H.0). compared to harmonic spectra of lowest
energy conformers (#11-15) in order calculated at the cam-B3LYP/def2-
TZVP/GD3BJ/BSSE level. The one-laser IRPD spectrum of AlasH"™ + 2H,O (blue)
overlaid with AlasH" + 2D,0 (red) is shown on top. All features pertaining to an H,O
stretch are shown in blue.
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red above 2800 cm™ even though they belong to D-O. The explanation for these features is that
they are peptide modes which are strongly coupled to the H.O modes. When the H,O is substituted
for a D20 and this coupling disappear, these peptide features slightly change position and intensity.

Each experimental spectrum contains more features than what would be expected if there
was only one conformer in each population. For the amine protonated (tripeptideH")-H20 system,
we would expect 2 O-H stretches for the water, a carboxylic acid O-H stretch, and 5 N-H stretches.
In the AlagH*(H20) spectrum, there are three features in the 3600-3800 cm™ free O-H region which
belong to the H20 molecules. Multiple additional H.O bands in the H-bonded O-H region between
3100 and 3400 cm™ are also visible. A similar number of H,O O-H stretches are found in the
GlysH*(H20) spectra. Therefore, simply by looking at the number of water O-H stretches, it is
possible to determine that there must be at least two conformers present for both singly solvated
tripeptide. A similar analysis can be done for the (tripeptide®)(H20)2 spectra in which we would
expect 4 O-H stretches from H>O. A larger number of H.O features are found for both
GlysH*(H20)2 and AlasH*(H20)2. Thus, having determined that each cluster are composed of
multiple conformers, we use IR-IR double resonance spectroscopy to obtain conformer-specific
spectra.

The IRPD and IR-IR spectra of GlysH*(H20) are shown in in Figure 5.13. The isomer
deconvolution, assignment, and quantification for GlysH*(H.O) was described in detail
previously.'? Briefly, using an IR-IR ion-dipping scheme with the probe laser fixed at 3225 cm™
and 3546 cm* produces two distinct spectra shown in grey in Figure 5.13. Comparing these with
the calculated spectra of some of the lowest energy structures found in the computational search

yields good agreement with Nw'A and NwCA, respectively. The geometries and energies of these
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Figure 5.13. IRPD spectra of GlysH*(H.0/D,0)-D,'° compared to harmonic spectra
calculated at the cam-B3LYP/def2-TZVP/GD3BJ/BSSE level. The isomer specific IR-IR
spectra are overlaid on the calculated spectra that they correspond to. All features

highlighted in blue are from HO stretching.
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structures are shown in Figure 5.1. The Nw'A conformer is protonated at the amine and has all
the amide in the trans configuration. The water molecule is bridging the protonated amine and
one of the amide carbonyls in a single H-bond acceptor/single H-bond donor (AD) motif. This
gives rise to a strongly H-bond interaction with the corresponding water O-H stretch around 3200
cm™. The Nw®A conformer is also protonated at the amine, but the first amide bond is in the cis
configuration, similarly to the bare N°A conformer. The water molecule is occupying the site
between the protonated amine and the first amide carbonyl in a bridging AD configuration. The
water in this conformer is engaging in a much weaker H-bond interaction with a predicted O-H
stretch at 3551 cm™.

These two conformer structures are sufficient to account for all the peptide peaks and all
the H,O peaks above 3500 cm™. However, the one-laser IRPD spectrum display multiple H-
bonded O-H peaks from H,O between 3100 cm™ and 3400 cm™ and the corresponding Nw'A
structure only has one. We have shown previously, using systematic IR-IR spectroscopy, that all
these H-bond O-H features belong to the Nw®A conformer.'® They originate from anharmonic
effects, most probably a coupling between the O-H stretch and a low frequency peptide backbone
mode.®>° The relative Nw'A and NuwA, conformer population can be estimated by comparing the
calculated peak intensities to some of the experimental features unique to a single conformer.
Using the amine peaks at 3404 (Nw'A) and 3448 (NwtA) this analysis yields contributions of
85(1)% and 15(4)% for Nw!A and Nw°A, respectively.

A similar approach is taken for AlazH"(H20) and using the IR-IR ion-dipping scheme with
the probe laser fixed at 3358 and 3645 cm™ yields the conformer specific spectra shown in grey in

Figure 5.14. These spectra are found to be in good agreement with the Nw!A and Nw®H structures.
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Figure 5.14. IRPD spectra of AlasH"(H.0/D.0)-D, compared to harmonic spectra
calculated at the cam-B3LYP/def2-TZVP/BSSE level. The isomer specific IR-IR spectra
are overlaid on the calculated spectra that they correspond to.
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The AlasH*(H20) Nw'A conformer is identical to that of GlysH"(H20). The Nw°H structure
is protonated at the amine and has the first amide in the cis configuration. The water is interacting
with the protonated amine group with a single H-bond acceptor motif which give rise to two free
water O-H stretches. The peptide chain has a conformation which is similar to that of the bare
minor conformer, N°B. Similarly to GlysH"(H-0), these two conformers do not account for the
multiple H-bonded O-H peaks from H,O between 3100 cm™ and 3400 cm™. Because the Nw!A
for structure for AlasH"(H20) is the same as GlysH*(H20), we assign these extra numerous peaks
to similar anharmonic effects. The relative conformer population was determined using the amine
peak at 3357 cm™ (Nw!A) and the symmetric free water stretch at 3645 cm™ (Nw°H) and was found
to be 85(7):15(5), respectively.

For GlysH*(H20)., the IR-IR ion-dipping scheme was used with the probe laser fixed at
3536 cm, 3552 cm™?, and 3645 cm™?, yielding the three conformer specific spectra shown in grey
in Figure 5.15. Comparison of these spectra to those calculated for the low energy structures
yielded good agreement with for the Naw®A, Naw'D, and Naw'E structures. N2w®A has a similar
peptide conformation as Nw®A with second water molecule inserted between the protonated amine
and the carboxylic acid C=0. Both water molecules are engaged in H-bonding interactions with
very similar strength and therefore give rises to overlapping O-H stretches at 3557 cm™ and 3722
cm™. Both N2w'D and N2w'E have a similar structure as Nw!A. N2w!D has the additional water H-
bonded on the protonated amine in a single H-bond acceptor configuration. On the other hand,
N2w'E has the second water molecule H-bonded between the carboxylic acid C=0 and the central
amide N-H. The isomer population was determined using the O-H stretch peak at 3557 cm™

(N2wfA), the coupled N3 amide N-H and water O-H stretch peak at 3537 cm™ (N2w'E) and the
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Figure 5.15. IRPD spectra of GlysH*(H20/D20).-D. compared to harmonic spectra
calculated at the cam-B3LYP/def2-TZVP/BSSE level. The isomer specific IR-IR spectra
are overlaid on the calculated spectra that they correspond to.
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symmetric free water stretch peak at 3646 cm™ (N2w'D) and was found to be 45(2):10(3):45(3),
respectively.

Finally, the conformer specific spectra For AlasH*(H20)2 are shown in grey in Figure 5.16.
Comparing these spectra to the lowest energy structure spectra found through DFT and MP2
calculations yielded good agreement with structures N2w®B, Naw'D, and Naw'E. N2w®B is similar to
the minor conformers Nw®H, with the second water molecule the first water molecule and to the
central amide carbonyl. The other two conformers have a similar conformation as Nw!A, the major
conformer in both AlasH"(H20) and GlysH*(H20), but differ in the placement of the second water
molecule. The isomer population was estimated utilizing the hydrogen bonded water O-H stretch
peak at 3457 cm™ (N2w°B), the coupled N3 amide N-H and water O-H stretch peak at 3513 cm™
(N2w'E) and the symmetric free water stretch peak at 3645 cm™ (N2w!'D) and was found to be

35(3):20(2):45(3), respectively.

5.5 Discussion

As discussed in our previous work,° the addition of the first water molecule to GlysH*
induced large conformational changes. First, protonation at the amide carbonyls (O'A), which
represent 65% of the isomeric population in the bare GlysH" completely disappears and all the
observed GlysH*(H20) conformer involve protonation at the amine site. Second, the 35% of
GlysH* with amine protonation and a cis amide bond (NCA) is reduced to about 15% in
GlysH*(H20), in the form of the Nw®A conformer. The remaining 85% of the conformer
population is in the form of Nw!A lowest energy conformer, with all trans amide. This is quite
remarkable since the conversion of cis/trans amide and protonation site involve significant barriers.

However, we have shown that the water molecular binding energy, coupled with the slow cooling



Figure 5.16. IRPD spectra of AlasH*(H.O/D;0).-D, compared to harmonic spectra
calculated at the cam-B3LYP/def2-TZVP/BSSE level. The isomer specific IR-IR spectra

are overlaid on the calculated spectra that they correspond to.
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of the buffer gas, provide sufficient time and energy for most of the clusters to overcome these
barriers.X% 4% The presence of the slightly higher energy Nw®A conformer can thus be seen as the
small fraction of kinetically trapped conformer who couldn’t overcome the largest cis/trans
isomerization barrier. However, the MP2 calculations predict that the Nw®A and Nw'A conformers
are nearly isoenergetic and it is possible that the presence of 15% of Nw°A to be due to an
equilibrium distribution before the conformers get trapped by the large conversion barrier.

We find a very similar situation for the addition of the first water onto AlasH*. Similarly
to GlysH™, the main O'A conformer of the bare AlasH" involves protonation at the amide carbonyl
which is not present in any the observed AlasH*(H20) conformers. The minor amine protonated
isomer of the bare AlasH" is slightly different than in GlysH™ and differ by the number of hydrogen
bonds between the protonated amine and the different carbonyl groups. These differences are due
to the electron donating effects from the methyl side-chains which change the proton affinities of
the amine and carbonyl groups.” However, the main conformer found for AlasH*(H20) is Nw!A
which is exactly the same as in the case of GlysH"(H20). This shows that effects of the methyl-
side chains don’t affect structure formed by the addition of the first water molecule. However, we
note that this is conformer is predicted to be ~5 kJ/mol higher in energy than the lowest energy
conformer for AlasH*(H20). The conformation of the peptide chain in the minor conformer of
AlazH*(H20) is the same as in the bare AlasH™ N°B conformer. This structure is also predicted to
be ~10 kJ/mol higher in energy than Nw'A by both DFT and MP2 methods. Therefore, its presence
in the spectra can also be explained by the fraction of N°B that couldn’t overcome the amide
isomerization barrier and got kinetically trapped. We find a very similar ratio of minor/major

conformer for both GlyzH*(H20) and AlazH*(H20), which support similar formation mechanisms.
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The addition of the second water molecule onto GlysH*(H.O) generates three conformers
for GlysH*(H20)2. Two of them, N2w'D and N2w'E, are related to the addition of a water molecule
onto Nw'A, the most abundant conformer in GlysH*(H20). The third one, N2w®A, with a cis amide
bond can be thought has the addition of a water molecule onto Nw®A, the minor conformer in
GlysH"(H20). However, the population ratio suggests that the presence of this cis amide
conformer here is not due to kinetic trapping. It represents about 40% of GlysH*(H20). while the
corresponding NwCA it was only 15% of GlysH*(H20). Therefore, it is clear that the binding energy
from the addition of the second water molecule is also sufficient to induce amide isomerization.
The large population of the cis amide conformer must therefore be due to its competitive
energetics. This is consistent with the computational results which indicate that the three
conformers found for GlysH"(H20) are all calculated to be relatively close in energy and amongst
the lowest ones. However, other conformations with trans amide bond such as N2w'A, N2w'B, and
N2w!C are also calculated to be energetically competitive and are not detected in the experiment.
Because we already established that the clustering process for the second water molecule can
induce isomerization of the amide bond, it is unlikely the absence of Naw!A, N2w'B and Naw!C
stems from kinetic trapping. More likely, they are higher in energy than what the calculations
suggest.

For AlazH*(H20)2 we find the exact same two conformers with trans amide bond, N2w'D
and N2w'E, which both stem from the main Nw!A conformer in AlasH*(H20). However, the third
conformer, N2u®B, is different than in GlysH™, but closely related to the minor Nw*H conformer in
AlasH"(H20). Once again, the ~35% population of this conformer in AlazH*(H20)., compared to
the ~15% parent in AlazH"(H20), also indicates that this conformer appears because it is

energetically competitive rather than kinetically trapped. However, for AlazH"(H20)2, the three
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detected conformers are calculated to be relatively high in energy compared to other structures.
Because of the similarity with GlysH*(H20)., this most likely represents shortcoming of the
computations. We have observed similar discrepancies between the computed and observed
structure for the bare tripeptides.’

Overall, we find the following similarities and differences between the microsolvation
structure of AlasH" and GlysH™. First, in both cases, the isomer with protonation at the amide
carbonyl disappear in favor of the amine protonation site once water molecules are added. All the
microsolvated structures found here involve at least one water molecule forming a strong H-bond
with the charged protonated amine site. This strong favorable interaction with the solvent is not
possible for the O'A structure in which the proton is shared between two carbonyl groups and
therefore independent of the presence of methyl side-chains. Second, the addition of water
molecules induced the formation of the same tripeptide conformations with trans amide bonds and
one water H-bonded between the protonated amine and the carboxylic acid carbonyl. However,
the conformers involving a cis amide bond remains distinct upon the addition of water molecule.
For GlysH*, the internal H-bond between the protonated amine and the second amide carbonyl
remain intact while in AlasH*, the H-bond between the protonated amine and the carboxylic acid
carbonyl survive the addition of water molecule. These differences highlight the difference in
internal H-bond strength induced by the presence of electron donating methyl?! side-chains found

for the bare tripeptides.” 4

5.6 Conclusions

In this paper, we presented the experimental IR-IR double resonance spectra and
computational efforts that allowed us to determine the conformers in the microsolvated

GlysH*(H20)12 and AlasH*(H20)1-2 clusters.  We found similarity in the solvation structure of
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these two tripeptides: 1) The dominant carbonyl protonated isomer in the bare protonated ion
completely disappears upon the addition of water. 2) The same microsolvated clusters conformers
with amine protonation and all trans amide bond conformers are formed. However, the two
peptides produce different conformers that involve amine protonation and one cis amide bond.
These have a rather small contribution in the GlysH*(H20) and AlasH"(H20) clusters which is
probably due to kinetic trapping. However, they constitute a larger fraction GlyzH*(H20). and

AlazH*(H20)2 clusters, suggesting that they are again energetically competitive structures.
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CHAPTER 6

Future Directions: Two-Color Approach in the
Microsolvation of Betaine
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6.1 Introduction

The experiments presented in Chapters 3-5 showcase how cryogenic ion vibrational
spectroscopy is an exceptional tool for studying amino acids, small peptides, and their solvation
in the instrument. Studying small model systems helps identify how fundamental properties change
upon solvation, such as intramolecular H-bonds,* thus enabling scientists to understand how
protein folding might change depending on which amino acid is being used and its placement
within the system. However, other small systems (and their solvated networks) may be studied,

that are important on their own, such as betaine, also called trimethylglycine, shown in Figure 6.1.

Figure 6.1. Betaine, also known as trimethylglycine.

As betaine is synthesized as a salt with a counterion, it features the same framework as
glycine but the amine group is trimethylated leading to a permanently positive shielded charge
when unsolvated rather than a neutral species. Betaine is a substance produced in the body and
used in the metabolization of homocysteine.® Betaine is an important regulator of this amino acid
since high levels of homocysteine are often associated with heart disease and stroke.®!! Since

approximately 70% of the human body (fat-free mass) is water,*? it is an appropriate assumption
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to believe that betaine is solvated in the human body. Solvation of amino acids leads to the
formation of a zwitterion by losing the hydrogen on the carboxylic acid to the water around it and
betaine can follow this trend. Since this compound is important within the human body, it is
necessary to understand how the structure of betaine changes when solvated and the solvation
network around it. In the previous chapters as well as past experiments done within the group, all
experiments of amino acids' >4 and tripeptides'>*® (also see Chapter 4) have been in their
protonated on the N-terminus form rather than their naturally occurring form which is neutrally
charged. Since the charge is shielded, this molecule would give a better picture of preferential
solvation rather than solvating the pronation site first.

Cyrogenic ion vibrational spectroscopy can be used to probe betaine and its solvated
structures. Due to the delicate nature of hydrogen bonding, this technique can be modified to create
a linear IR spectrum (two-color spectrum) which is sensitive and nonperturbative to the network,

thus giving a clear picture of the solvated structures.

6.2 Experimental Details

All IRPD and IRMPD spectra presented here were obtained using our home-built dual
cryogenic ion trap vibrational spectrometer described in detail previously (see Chapter 2).%’
Protonated ions were generated via electrospray ionization of an ~1 mM solution of betaine in
methanol. Hexapole ion guides gently transferred the ions through a series of differentially pumped
regions into a linear octupole ion reaction trap, held at 80 K by a liquid nitrogen cryostat.
Thermalization of the ions was induced by an ~1 ms burst of helium buffer gas, which was seeded
with H,O, at the beginning of the trapping sequence. At these sufficiently cold temperatures, water

clustering of the ions can occur and will vary depending on reaction trap pressure. The thermalized
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and clustered ions were then gently transferred to a 3D quadrupole ion tagging main trap which
was held at 10 K by a closed-cycle helium cryostat. lons and their clusters were further thermalized
by helium buffer gas seeded with 10% D.. Due to the weakly bound nature of the D2-tag, only
D2-tagged adducts can form on the smaller cluster sizes (e.g. clusters of 0-1 water molecules).
These adducts and clusters were then extracted into the TOF mass spectrometer, mass-selected by
amass gate, and intersected with the output of a 10 Hz Nd:YAG pumped OPO/OPA infrared probe
laser. Resonant absorption of a single photon resulted in the loss of the D, tag for Betaine(H20)o-
1 and loss of a H.0 molecule for Betaine(H20)2-6. For larger H20 clusters utilizing water as a tag,
a single resonant photon may dissociate the water when its energy exceeds the binding energy of
the water molecule, however, this process typically requires multiple photons for lower energy
features (e.g. features below 3100 cm™).

Usually as solvation increase, rather than the waters interacting with the peptides, they tend
to interact with other water molecules. These types of interactions are delicate in nature and can
be greatly perturbed by a photon. The photon can interact with the network and change the
structure of it. Thus once, the second photon comes in to be absorbed at that same wavelength,
since the structure has changed, the second photon does not interact as it should. As water-water
interactions begin in betaine clusters with two or more water molecules, the hydrogen bonding
interactions are intrinsically delicate, so a two-color process was used to elucidate the H-bonded
peaks found below 3300 cm™. The IR-IR two-color approach was pioneered by Lee and co-
workers'® and was recently adapted by Yang et. al.° on a similar instrument to our own. On Mark
Johnson’s instrument,?® both of the lasers are in the TOF region which allows clusters to already
be mass separated and makes sure that clusters cannot be re-cooled after warming. However, on

CIVS, the output of a second 10 Hz Nd:YAG pumped OPO/ OPA infrared pump laser is focused
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directly into the 10 K tagging main trap. This does not allow the clusters to be mass selected since
they are all in the same trap and there is a worry that the clusters will re-cool once hit with a
resonant laser. The timing scheme of the laser in the main trap is optimized to minimize re-cooling
and performs best when fired at the time of the ion extraction. This thus enables users on this
instrument to be able to probe the warm clusters with the TOF later in the instrument to yield a

linear two-color spectrum.

6.3 Computational Details

A systematic computation isomer structure search was done utilizing the molecular
mechanics basin hopping program developed by Hopkins and coworkers?:?* to find the lowest
energy structures to compare to the experimental IRPD/IRMPD spectra. With increasing solvation,
Betaine(H20)n, the lowest energy structures from the prior solvation, Betaine(H20)n-1, was utilized
as the starting point for each geometry optimization with the basin hoping program. In the program
the dihedral angles were iteratively stepped 7,000 times by a random value between £5° and the
water was iteratively rotated and translated by a random value between +5°and 0.2 A, respectively.
After each iteration, the resulting structure was optimized utilizing the AMBER force field. After
utilizing the program, each unique structure was subsequently optimized in the Gaussian 162°
program with increasing accuracy of the methods. The final lowest energy structures were
optimized at the cam-B3LYP/def2-TZVP/GD3BJ level and counterpoise corrected. Harmonic
frequencies were also calculated. These same structures were optimized with MP2/def2-TZVP and
the ZPE correction found through the corresponding DFT calculation is applied to the MP2

energetics. All energetics on conformers displayed in this chapter are shown in Table 6.1.



Table 6.1. Relative calculated energies (kJ/mol) of various conformers for Betaine(H20)o-
6 Clusters at the cam-B3LYP/def2-TZVP/GD3BJ/BSSE (DFT) and MP2/def2TZVP with

DFT ZPE (MP2) level.

DFT MP2
0-A 0.00 0.00
I-A 0.00 0.00
1-A 0.00 0.00
11-B 0.04 2.29
11-C 1.77 3.92
H-A 0.00 0.05
11-B 7.07 5.24
11-C 7.68 6.60
111-D 8.45 3.12
Ii-E 10.30 10.25
1i-F 11.51 0.00
IV-A 0.00 0.00
IV-B 5.34 0.92
IvV-C 6.04 2.53
IV-D 7.03 1.85
V-A 0.00 2.05
V-B 5.17 0.78
V-C 7.40 0.00
V-D 8.27 5.63
V-E 8.48 3.92
VI-A 0.00 0.00
VI-B 5.64 7.58
VI-C 6.14 4.30
VI-D 6.63 6.16
VI-E 8.30 7.73
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6.4 Results and Discussion

The work presented here is the computational and experimental work performed on this
system thus far. For Betaine(H20)o-2, the work completed is sufficient to confidently assign the
spectra. More work is needed for Betaine(H20)s.6: particularly, IR-IR double resonance
spectroscopy under the two-color framework. However, a second reaction trap would need to be
implemented first to allow for mass selection of the cluster of interest to be able to do these
experiments.

The IRPD/IRMPD spectra of Betaine(H20)19, taken by Brett Marsh (Ph.D. 2015), is
shown in Figure 6.2. At the time the original data was taken, the instrument had only the TOF
laser and no main trap laser. No computations were done by Brett or by any graduate student of
the Garand Group for this system prior. As seen in Figure 6.2, much of the data was saturated as
noted by the similar peak intensity of the most intense peaks within the spectra. As a consequence
of the data saturation from this work, much of the data for Betaine(H20)1.6 was re-collected and
the IRPD spectrum of Betaine-D> was added (shown in Figure 6.3 as black traces). Due to the
extensive hydrogen bonding network of this species, an IR-IR two color approach was used for
Betaine(H20)2-4 and is shown as red traces in Figure 6.3. Notably, upon solvation with any amount
of water, the preferential first solvation spot is at the carboxylic acid free O-H since no peak
appears around the corresponding O-H stretch band position around ~3570 cm™. Unlike protonated
glycine, there are no free N-H stretches to observe in the 3200-3400 cm™ spectral region since
betaine contains N-CHs bonds rather than N-H bonds. Most of the high intensity peaks are
therefore due to stretches in the water network and the hydrogen bonded carboxylic acid.

The one-laser IRPD spectrum of Betaine-D2 is shown in Figure 6.4 along with the

spectrum of its lowest energy conformer. The spectrum in the mid-IR is simple and contains two
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Figure 6.2. Overview of the IRPD spectra Betaine(H20)1.¢ taken by Brett Marsh (Ph.D.
2015) in the 2400-3800 cm™ range.
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Figure 6.3. (Black Trace) Updated IRPD spectra of Betaine(H20)o. in the 2400-3800
cm? range. (Red Trace) Linear two-color IRPD spectra of Betaine(H20)..4 in the 2400-

3800 cm™ range.
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carboxylic acid free O-H peaks featured between 3500 and 3580 cm™, and the weak C-H stretches
between 2900 and 3100 cm™. There are two carboxylic acid free O-H peaks in this spectrum: one
weak peak corresponding to a completely unperturbed O-H stretch around 3556 cm, and the more
intense peak at 3520 cm™ that is red shifted due to the D-tag binding to the O-H. The population
of this species exists nearly exclusively as the D»-tag binding to the O-H with a minimal proportion
of the population having the tag bind anywhere else on the molecule. Utilizing the peak areas for
a rough estimate of population percentages, we see ~90:10 for the D»-tag binding to the free O-H
vs the D»-tag binding elsewhere. This contrasts to previous studies within the Garand group of
amino acids and small peptides which suggest a small perturbation of the D,-tag on the free O-H,
especially on the bare molecule since there is preferential binding to the charged -NHs group.*8: 2
Therefore, though the methyl groups on the amine are small, they display a large shielding effect
on the charge which results in preferential tagging on the carboxylic acid. Because of this, upon
solvation water will bind preferentially to the carboxylic acid free O-H.

The one-laser IRPD spectrum of Betaine(H20).D>, shown in Figure 6.5, features two sharp
peaks at 3645 and 3738 cm™ corresponding to the free water symmetric and asymmetric stretch
respectively, and a broad feature at 2941 cm™, corresponding to a hydrogen bonded carboxylic
acid O-H stretch. There is only one conformer that this corresponds to, the lowest energy structure
shown in Figure 6.5, I-A, which is verified by the fact that there is no free carboxylic acid O-H
stretch around 3550 cm™ and there is no visible perturbation on the O-H from the D,-tag, as it must
be weakly bound to the shielded quaternary amine.

Upon further solvation, thus making Betaine(H-2O)., it was appropriate to use chemical
intuition to determine where the second water would go. The second water could either hydrogen

bond directly to the first water and have both its O-H bonds free, it may hydrogen bond directly to
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Figure 6.4. IRPD spectra of Betaine compared to lowest energy harmonic spectra
calculated without D-tag as well as D.-tag binding at three different positions around
betaine at the cam-B3LYP/def2-TZVP/GD3BJ level.
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Figure 6.5. IRPD spectra of Betaine(H.O) compared to lowest energy harmonic spectrum
calculated at the cam-B3LYP/def2-TZVP/GD3BJ level.

Betaine
+1H,0

W‘

I-A

........... ,
L

2400 2600 2800 3000 3200 3400 3600 3800
Wavenumbers (cm™)




205

the first water and carboxylic acid C=0 bond to form a four-member ring, or it may weakly bind
to the shielded quaternary amine. The basin hopping program was used to validate this and make
sure that there were not additional conformers that were lower in energy. After retaking Brett’s
original data utilizing H20O as the tag (IRMPD in Figure 6.6 and 6.7), it is possible to see that there
are some very weak features below 3200 cm™. In IRMPD, the signal strength is correlated to the
(power)? of the laser as well as the binding energy of the water. Therefore, as the laser moves to
lower power, which means lower energy photons, there is less signal. Also, the features found
below 3200 cm™ usually correspond to hydrogen bonded features which can be perturbed by
photons. Therefore, a two-color approach was also utilized to help visualize the weak hydrogen
bonded features that may be missing in the IRMPD approach. This approach will be discussed in
more detail when discussing Betaine(H20)s since it was the first system that the two-color
approach was used for and was optimized on.

The cold IRMPD spectrum, warm IRMPD spectrum, and two-color spectrum for
Betaine(H20). are shown in Figure 6.6. Briefly, the main trap pump laser was set to 3403 cm™
which is the largest feature in the cold IRMPD spectrum. The power of the pump laser was lowered
to reduce depletion of population and to encourage warming of the clusters, and the probe TOF
laser was scanned. Looking at the resulting warm spectrum in Figure 6.6 (middle panel), the
features above 3200 cm™ are nearly identical to the cold spectrum which is not surprising because
the binding energy of the water is less than the wavelength of the laser in those regions (binding
energy is estimated to be ~3300 cm™), hence it only requires one photon to detach the water
regardless of temperature. However, there is one small feature present at 3032 cm™ which is also
weakly present in the cold spectrum, though not in the same shape (it is extremely blobby in the

cold spectrum). This peak was then utilized by setting the TOF probe laser to 3032 cm™ and
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Figure 6.6. (Top panel) Cold IRPD spectrum of Betaine(H.O),. (Middle panel) Warm
IRPD spectrum of Betaine(H.0). obtained by fixing the main trap pump laser to 3403 cm-
! (Bottom panel) Resulting linear two-color spectrum obtained by fixing the TOF probe
laser to 3032 cm'* and scanning the main trap pump laser.
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Figure 6.7. IRMPD spectrum and linear two-color spectrum of Betaine(H»O). compared
to the harmonically calculated spectra of the three lowest energy conformers at the cam-

B3LYP/def2-TZVP/GD3BJ level.
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scanning the main trap laser. The resulting spectrum is the two-color linear spectrum shown in
Figure 6.6 and 6.7. It is linear since the peak intensity is not correlated to the square power of the
laser and the spectrum should be free of all artifacts from the messenger tag and photon interaction.
The lowest energy conformers are also shown in Figure 6.7. The four features in the cold IRMPD
spectrum found at 3640, 3660, 3716 and 3750 cm™ have red shifted slightly in the two-color
spectrum and decreased in intensity and features below 3200 cm™ have gained intensity. The
intensity change is not surprising since the signal being obtained is not related to the (power)? of
the laser. From the cold spectrum alone, the features seem to agree well with conformer 11-A,
where the second water hydrogen is bound directly to the first water with both its O-H bonds free,
and I1-C, where the second water is bound to the shielded quaternary amine. However, with details
from the two-color spectrum (specifically with the feature at 3149 cm™), it seems that conformer
I1-B, where the second water is hydrogen bonded directly to the first water and carboxylic acid
C=0 bond to form a four-member ring, cannot be discredited and may account for the feature
found at 3149 cm™ which traditionally can be described by a hydrogen bound water O-H which
would be more susceptible to perturbation with IRMPD.

With the addition of another water, the IRMPD cold spectrum of Betaine(H20)3 is shown
in Figure 6.8A and 6.9. Initially, the three-water system was used to determine if the two-color
method was viable on the current instrumentation. Following a similar methodology as Yang et.
al.,’® a warm spectrum of the Betaine(H20)s was taken at a temperature of 150 K in the main trap
and is shown in Figure 6.8B. As expected, many of the features that were once strong in the cold
spectrum had lost intensity upon warming. However, there is a feature at 3428 cm™ that became
intense in the warm spectrum, which is just above the noise in the cold spectrum. Seeing as this

peak is intense in the warm spectrum and weak in the cold spectrum, it was an ideal choice for the



Figure 6.8. (A) Cold IRMPD spectrum of Betaine(H.O)s;. (B) Warm IRMPD of
Betaine(H20); obtained by increasing main trap temperature to 150 K. (C) Semi-warm
IRMPD spectrum of Betaine(H.0)s obtained by fixing the main trap pump laser to 3720
cm* and having the main trap laser fire 470 ps before ion extraction. (D) Warm IRMPD
spectrum of Betaine(H-0)s obtained by fixing the main trap pump laser to 3720 cm and
having the main trap laser fire at the same time as ion extraction. (E) Cold IRMPD of
Betaine(H20)s obtained by fixing the main trap pump laser to 3720 cm* and having the
main trap laser fire 100 us after ion extraction. (F) Resulting two-color linear spectrum
obtained by fixing the TOF probe laser to 3426 cm™ and scanning the main trap pump laser
under the timing conditions of spectrum (D).
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two-color process. Therefore, the main trap pump laser was fixed to 3720 cm™ and the laser power
was turned down to minimize dissociation of the water in the main trap and encourage warming
of the ions, and the probe laser was scanned. The timings of the main trap had to be optimized to
make sure that the warm ions did not re-cool before extraction. At the original timings (see Chapter
2), the laser would fire ~470 ps before ion extraction out of the trap. The resulting spectrum with
this timing scheme is shown in Figure 6.8C. The features above ~3700 cm™ have a different shape
and intensity than those in Figure 6.8A in which the ions are thermalized to 10 K. However, a
clear definitive feature at 3428 cm™ is also not seen. This implies that the laser might be warming
up the ions yet the 470 us until extraction is allowing these ions to re-cool. The timing between
laser firing and ion extraction was then minimized to 0 us and the resulting spectrum is shown in
Figure 6.8D. All intense features in the cold spectrum (such as those between 3700 and 3760 cm”
1Y had lost much intensity when warming the complex which was expected, yet the feature at 3428
cm* had increased upon warming. Since the spectrum in Figure 6.8D is similar to that of Figure
6.8B which is the complex at 150 K, we know that this laser timing scheme is warming the ions
up similarly. To validate that this timing was optimized, the timing was changed to have the main
trap pump laser fire 100 ps after extraction and this spectrum is shown in Figure 6.8E. Since not
all of the ions would be evacuated from the trap instantaneously, an optimal timing to minimize
the re-cooling of the complexes would be slightly after trap extraction. Comparing this to the
original cold spectrum (A), it is noted that all peaks are identical and therefore the optimized timing
for the two-color experiments are when the laser firing and ion extraction occur at the same time.
Though the spectra taken from the 150 K main trap and the main trap laser set on resonance with
a 0 ps delay between laser firing and trap extraction are similar, it was necessary to be able to

utilize the main trap laser for this so that 1) the laser set up was optimized for the two-color
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experiments and 2) there might be additional “warm peak” bands that are intense at 150 K however
are not as intense with the laser.

Utilizing the new timing and the peak position of the warm feature, the TOF probe laser
was fixed to 3428 cm™ and the main trap laser was scanned. The resulting spectrum is shown in
Figure 6.8F and 6.9. The calculated lowest energy conformers are shown in Figure 6.9. From the
one laser cold spectrum, it is possible to see that there will be at least two conformers present. As
there are three waters in this system, 7 spectral features are expected: 6 water O-H bands and one
carboxylic acid O-H band. In the cold one laser spectrum there are at least 9 spectral features in
the 3400 to 3800 cm™ region. Upon initial investigation, conformer I11-D and I11-F seem to match
the spectral features of the major conformer. However, since I11-D is lower in energy and also
seems to match more closely with the experimental spectrum due to having more accurate spacing
of its features in the 3500 to 3600 cm region as well as lining up with the experimental spectrum
more accurately, it can be tentatively assigned as the major conformer. Yet this conformer does
not account for the very small peaks found at 3423, 3608, and 3640 cm* or the other large features
at 3700 and 3735 cm™. The lowest energy DFT conformer, Conformer 111-A, seemed to contain
some of the missing peaks at 3423, 3640, 3700 and 3735 cm™ and therefore cannot be ruled out.
I11-A also contains extra hydrogen bonded features which may have been very weak or perturbed
with the IRMPD method and therefore the two-color experiment is necessary to determine whether
or not this conformer was indeed there. Conformers 111-B, I11-C, and IlI-E also contain some of
the peaks that were not accounted for with just 111-D. With the additional information obtained by
the two-color spectrum, it is possible to see that there is a large and broad feature at 3312 cm™.
This feature implies that conformers I11-A, 111-B, and I11-C cannot be definitely excluded. Though

conformer I11-E does not have this broad feature in its spectrum, it also cannot be disregarded since



Figure 6.9. IRMPD and linear two-color spectrum of Betaine(H.O)s compared to the
harmonically calculated spectra of the six lowest energy conformers at the cam-

B3LYP/def2-TZVP/GD3BJ level.
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its extra feature at 3512 cm™ overlaps with the experimental spectrum as well as the calculated
spectrum for 111-D. IR-IR double resonance is necessary to definitively assign this spectrum but
cannot be done until a second reaction trap that is mass selective is installed.

The IRMPD cold spectrum of Betaine(H20)4 is shown in Figure 6.10 (top panel) and 6.11,
with its lowest energy conformers is shown in Figure 6.11. Similarly to the previous two systems,
the warm spectrum of this cluster was obtained (Figure 6.10, middle panel) and its warm feature
at 3076 cm™ was used to obtain the two-color spectrum shown in Figure 6.10 (bottom panel) and
6.11. From the one laser cold spectrum, the assignment for one of the conformers seems
straightforward, yet leaves the assignment for the second conformer ambiguous. The four features
and their respective spacing found between 3400 and 3520 cm™ led to a direct assignment of
conformer IV-B, in which two waters form a form member ring with the carboxylic acid and are
connected to the two other waters which are closer to the shielded protonation site. However, there
is a shoulder off of these four main peaks found between 3520 and 3580 cm™ in the cold spectrum.
Without data from the two-color spectrum, conformers IV-A, IV-C, and IV-D cannot be
discredited. Conformer IV-A has the lowest DFT energy and has the second lowest MP2 energy,
29 cm higher than the lowest energy conformer, see Table 6.1. This leads to the original
hypothesis that the second conformer might be 1\VV-A. In this conformer, the waters hydrogen bond
such that they make two four-member rings including the carboxylic acid. Due to the hydrogen
bonding network, the proton detaches from the betaine, turning the amino acid into a neutral
compound, creating a protonated water network. Because of the nature of this sensitive bonding
structure, IRMPD can perturb the system such that it is not possible to see the peaks between 3000
and 3400 cm™ since each incident photon absorbed can change the H-bonding framework.

Therefore, the two-color spectrum may assist spectral assignment.
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Figure 6.10. (Top panel) Cold IRMPD spectrum of Betaine(H»O).. (Middle panel) Warm
IRMPD spectrum of Betaine(H20) obtained by fixing the main trap pump laser to 3450
cm™. (Bottom panel) Resulting linear two-color spectrum obtained by fixing the TOF probe
laser to 3076 cm'* and scanning the main trap pump laser.
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Figure 6.11. IRMPD spectrum and linear two-color spectrum of Betaine(H20)4 compared
to the harmonically calculated spectra of the four lowest energy conformers the cam-
B3LYP/def2-TZVP/GD3BJ level.
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Unlike in the previous two systems, there are no clear features below 3200 cm™. However,
the two-color spectrum makes the features between 3522 and 3582 cm™ much more defined and
pronounced. There does not seem to be just one feature in this region, pointing to either more than
one conformer or that 1V-A is not the second conformer. Yet, since there are no obvious features
between 3000 and 3400 cm™, this lends itself to the fact that 1V-A is probably not the second
conformer but without IR-IR double resonance experiments, it cannot confidently be ruled out
completely. This leaves conformers 1V-C and IV-D. For 1V-C, the peaks at 3600 and 3625 cm™
do not line up with the experimental spectrum perfectly and correspond to symmetric stretches of
the water, which generally in the past experiments within the Garand Group®? > 26 has been
consistent with experimental spectra. Therefore conformer IV-C can be ruled out, leaving
conformer IV-D. The spectrum of conformer IV-D consists of three peaks between 3492 and 3552
cm® which are consistent yet slightly red shifted from the three peaks revealed through the two-
color experiment. This conformer also has a peak at 3290 cm™ which may agree yet be redshifted
with respect to the experimental feature at 3347 cm™. Without IR-IR double resonance
experiments, 1V-D can only be tentatively assigned as the second conformer, yet IR-IR double
resonance experiments would be necessary for confidence and to make sure 1V-A is not within the
spectrum.

The IRMPD cold spectrum of Betaine(H20)s along with the predicted harmonic spectra of
the lowest energy conformers is shown in Figure 6.12. The two-color spectrum could not be
acquired due to complications with the instrument, see Section 6.5. Regardless of conformer
assignment, it is important to note that all low energy conformers, minus V-E, contain a four-
member ring between the carboxylic acid and two water molecules. The difference between

conformers, V-B, V-C, V-D, and V-E are the placement of the other three water molecules. As



Figure 6.12. IRMPD spectrum of Betaine(H.O)s compared to the harmonically calculated
spectra of the five lowest energy conformers at the cam-B3LYP/def2-TZVP/GD3BJ level.
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with Betaine(H20)4, the one major conformer can be easily assigned to the second lowest energy
conformer, V-B, due to the placement and spacing of the peaks between 3365 and 3558 cm™.
There is one peak in this region that is not accounted for by V-B at 3434 cm™ which means there
must be a minor conformer. Upon first inspection, V-A, V-C and V-E have a peak at 3434 cm™,
however V-C also seems to have a peak at 3563 cm™. It is ambiguous whether the second peak at
3563 cm™ is in the experimental spectrum. V-E might be the more likely option since all other
peaks computationally line up with conformer V-B’s peaks leaving its only unique peak to be that
at 3434 cm™™. Though without IR-IR double resonance measurements, a definitive determination
cannot be made. V-A cannot be discounted because all peaks above 3400 cm™ either correlate with
the one missing peak or overlap with an already determined peak. Further, the two-color
experiment is needed to see if there are features below 3360 cm™. Looking at the final two low
energy conformers, V-D and V-E, both conformers do not have any unique peaks from V-B which
would make it hard to disentangle their spectral features. V-D has a similar peak compared to V-
C at 3563 cm™* which makes this conformer hard to confirm or deny within the spectrum, while
V-E has no unique peaks. With IR-IR double resonance spectroscopy, it would be possible to
definitively distinguish between V-B and VV-C/V-E, yet V-E would be more difficult to disentangle
meaning that it cannot be completely ruled out.

Finally, the IRMPD cold spectrum of Betaine(H2O)s along with the lowest energy
conformer computations is shown in Figure 6.13. Similarly to Betaine(H20)s, the two-color
spectrum could not be acquired due to complications with the instrument, see Section 6.5. Due to
the sharpness of the experimental peak at 3706 cm™, it seems conceivable that there is only one
conformer present; there are four apparent peaks between 3360 and 3580 cm™, with a couple of

those peaks being a molding of two computational peaks due to their experimental broadness. With
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Figure 6.13. IRMPD spectrum of Betaine(H.O)s compared to the harmonically calculated
spectra of the give lowest energy conformers at the cam-B3LYP/def2-TZVP/GD3BJ level.
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the IRMPD cold spectrum alone, it does not seem to be possible to eliminate any of the proposed
conformers since it was shown especially with Betaine(H20)4 that the two-color experiments can
elucidate peaks in the 3470-3640 cm™ region as well as lower frequency regions. Just from the
cold spectrum it seems possible to be able to eliminate conformers VI-C and VI-D due to their
calculated peak at 3610 cm™ which is not in the experimental spectrum, however this would be

tentative pending investigation with the two-color technique.

6.5 Future Work

Further experimental data must be gathered to confidently assign and exclude conformers.
Most importantly, the two-color spectrum of Betaine(H20)s- as well as IR-IR double resonance
spectrum of Betaine(H20)2-6 must be acquired.

As stated in Section 6.4, when trying to obtain the two-color spectrum for Betaine(H20)s-
6, the instrument encountered some technical difficulties one day to the other. Initially it was
thought to have been that the binding energy of the water for these clusters was too low and
therefore these experiments would not have been possible. Computations were run to be able to
affirm this suspicion, yet the calculations confirmed that the binding energy was similar to the
previous cluster sizes and therefore the experiment should have work. However, it was discovered
that there was no power coming out of the main trap pump laser due to one crystal being misaligned
and therefore the laser required a full recalibration. In the future, once recalibration has occurred,
obtaining the two-color spectrum for these two cluster sizes would be necessary.

For IR-IR double resonance experiments, an instrument modification is required. To be
able to obtain IR-IR double resonance experiments on these water clusters utilizing the water as

the tag, a second mass-selecting reaction is needed on the instrument. When solvated, all of the
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peaks observed in the Betaine-water clusters spectra above 3300 cm™ are due to the stretches of
the water in the system. As solvation increases, the peaks become more undefined, “blobby”, and
blue shifted. Thus, a water stretching peak that is in Betaine(H20)4 may also be in Betaine(H20)s.
6. So if the main trap laser is set to “burn” out a conformer, it would be burning the conformer in
the four-water cluster, but also in all other conformers in different cluster-sizes which contains a
water stretch with the same frequency. Therefore, the larger clusters may be losing one or two
waters, artificially making more Betaine(H20)4. When the TOF laser is then scanned, the resulting
spectrum would be a collection of different species, cold Betaine(H.O)s and warmer
Betaine(H20)s.6 which may have lost a water tag in the main trap stage. The same issue occurs
when trying to obtain IR-IR ion-dip spectrum since some of the features might not be “unique” to
just that one cluster size. Another reaction trap which is mass-selective (currently being developed
in the Garand group), must be placed before the current reaction trap to isolate just the cluster size

of interest. From there, these IR-IR double resonance experiments can be performed.

6.6 Conclusions

The IRPD/IRMPD spectra of Betaine(H20)o-6 Were retaken and these systems were used
to determine whether two-color experiments can work on the current instrument set up. As this
experiment is adapted from Mark Johnson’s technique on a similar instrument,® they are able to
do the two-color experiments with both lasers in the TOF (achieving separation and lack ability to
re-cool), while on this instrument one laser is in the main trap and the other is in the TOF. Due to
the lack of species separation in the trap as well as the possibility for re-cooling, it wasn’t sure if
this experiment would be able to occur. The two-color spectra for Betaine(H20)2.4 were taken and

show that these experiments are viable on the current instrumentation. It also opens the possibility
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for novel experimentation for this instrument on systems that have very sensitive hydrogen
bonding networks. Computations were run for Betaine(H20)o0s and tentative assignments were
made for all species. In general, preferential solvation is on the carboxylic acid free O-H and water-
water hydrogen bonding is favored over weakly binding to the shielded quaternary amine. In the
future, IR-IR double resonance experiments would need to be performed to confirm the
assignments of Betaine(H20)s.6. In particular, these double resonance experiments would need to
be occur under the two-color framework in order to determine whether the lowest energy structure
with DFT for Betaine(H20)s.4, exists in the spectrum. Validation of these conformers would help

verify that solvation of Betaine may lead to a neutral amino acid and a protonated water network.
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CHAPTER 7

Future Directions: How Many Waters is
Necessary to Induce Zwitterion Formation in
Glycine?
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7.1 Introduction

The work in this thesis demonstrates how gas-phase spectroscopy is useful to simplify and
analyze systems that may be complicated in nature. It makes trend analysis, such as step-wise
solvation and amino acid substitution, possible for a deeper understanding of molecular processes.
Equipped with this information, we can extrapolate these trends to larger systems. However, one
question asked of gas-phase spectroscopists is “how do we know that what we are observing
equates to a real solvated system?” The question is not unfounded since in the gas phase the
instruments are under vacuum and usually cryogenically cooled. Many have wondered if cryogenic
cooling affects the conformer population (see Chapter 3) and also, upon solvation, whether the
cluster observed can be related to solution phase (e.g. if the cluster was an ice crystal or actually a
model for solution phase). In the gas-phase, especially at cryogenic temperatures, it is possible that
the conformations may be kinetically trapped higher energy species. As found in the work detailed
in Chapter 3, Rice-Ramsperger-Kassel-Marcus (RRKM) theory! of unimolecular reaction rates
can predict whether the system being probed, on the time scale of the instrument, is kinetically
trapping. By utilizing this theory, it is possible to see if a very minor proportion of the conformer
population would correlate to kinetic trapping. In general, the major conformer of the system
would be the non-kinetically trapped conformer that would be observed in nature. The concern of
whether the solvated cluster can be related to solution phase will be addressed in this chapter.

It is well known that amino acids exist as a zwitterion in solution phase. However, without
solvent in the gas-phase, they exist in their non-ionized form. Though not much else is known
about zwitterion formation, it is well understood that solvent is the driving force behind it. Many
theorists and experimentalists are trying to understand how solvation drives zwitterion formation

and more specifically, what is considered full solvation (e.g. at what water cluster size might
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zwitterion formation be induced). Since glycine is the simplest amino acid, many studies have
been done both experimentally and theoretically to determine at what cluster size zwitterion
formation occurs.>*! All studies have agreed that one water molecule is not enough to induce
zwitterion formation, but there has not been conclusive results from theoretical studies®”°. Cluster
sizes between two and twelve water molecules have all been suggested. There also have not been
many gas-phase experiments discussing this problem. Xu et al.!® utilized size-selected
photoelectron spectroscopy on microsolvated glycine and determined that five water molecules
were necessary to induce this formation. However, to do this experiment, an excess electron had
to be attached to the respective solvated cluster of glycine. It is possible that this electron has
stabilizing effects that induce zwitterion formation at an earlier stage. In another study, Oomens
and co-workers!! obtained gas-phase spectra of a microsolvated glycine analog, tryptophan, to
answer the same question with a UV-IR technique called resonance-enhanced multiphoton
ionization (REMPI).1%13 REMPI is a multi-photon technique that relies on a UV pulse to excite
the molecule that has a chromophore and a second pulse to remove an electron. The second pulse
creates cation for detection via mass spectrometry. They determined that a minimum of five
solvent molecules were necessary to induce zwitterionic formation. As with the previously
mentioned study, the removal of the electron might be changing the electronic state of the molecule
and therefore stabilizing the formation of the zwitterion. Despite potential stabilization, both of
these experimental techniques yielded the same result of needing at minimum of five water
molecules to see the formation of the zwitterion.

Due to the ability of being able to microsolvate amino acids in the gas-phase, Cryogenic

lon Vibrational Spectroscopy (CIVS) can be an asset in this determination. However, since CIVS
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requires a protonated species for mass spectrometry, protonated glycine cannot be utilized for this

since it has no capability of forming a zwitterion. A glycine analog must be created and used.

7.2 Experimental Details

All IRPD spectra shown here were obtained with our homebuilt dual cryogenic ion trap
vibrational spectrometer described in detail previously (see Chapter 2).1* Briefly, protonated ions
were generated via electrospray ionization of an ~1 mM solution of the permanently protonated
glycine analog in methanol. Hexapole ion guides transfer the ions through a series of differentially
pumped regions and into a 2D octupole ion reaction trap held at 80 K by a liquid nitrogen cryostat.
An inert buffer gas seeded with either H,O or D20 is pulsed into the trap at ~1 ms bursts to
collisionally cool the ions and induce cluster formation. The ions are then transferred to the 3D
quadrupole ion main trap held at 10 K by a closed-cycle helium cryostat. A He buffer gas seeded
with 10% D is pulsed into the trap and used to collisionally cool the clusters further and induce
the formation of D.-tagged adducts. The tagged adducts are then injected into the TOF mass
spectrometer for separation and mass selection. Finally, ions are intersected by the output of a 10
Hz Nd:YAG pumped OPO/OPA infrared probe laser. Resonant absorption of a single photon
resulted in the loss of the D, tag for the glycine adduct + (H20)o-3 and the loss of a water molecules

for cluster sizes larger than three waters.

7.3 Computational Details
A methodical isomer structure search was done with help from the molecular mechanics
basin hopping program developed by the Hopkins group at the University of Waterloo'®>® to find

the lowest energy structures. The computational search answers two critical questions: first, when
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it might be possible to observe the zwitterionic structure and second, to compare the lowest energy
structures to the experimental IRPD spectra. For each cluster size, the previous cluster’s lowest
energy isomer was used as the starting point for each optimization and there was a set of
optimizations for both the non-ionized and zwitterionic form of the analog. Each water in the
cluster was iteratively stepped 7,000 times by a random value between +5° and 0.2 A, for rotational
and translational motions, respectively. The dihedrals of the glycine analog were also iteratively
stepped 7,000 times by a random value between £5°. After each iteration, the resulting structures
were optimized using the AMBER force fields and duplicates were rejected by the program. All
following computations were done with Gaussian 16*° software. Each unique structure was then
optimized rapidly with BLYP/3-21g and all duplicate structures and those with energies
>140KJ/mol were rejected. The remaining structures were further optimized at the cam-B3LYP/6-
311g level and duplicate structures and those with relative energies >50KJ/mol were rejected. The
remaining structures were once again optimized at the cam-B3LYP/def2TZP level, and harmonic
frequency calculations were performed on the lowest ~ 5-10 conformers each of the non-ionized
and zwitterionic forms of the molecule in the cluster. These same structures were also optimized

at the MP2/def2TZP level.

7.4 Results and Discussion

While determining the appropriate glycine analog, DFT and MP2 computations were run
for glycine(H20)n systems, both non-ionized and zwitterionic, to determine at what point it would
be feasible to see a zwitterionic compound in solution. The energy difference between the lowest
energy conformers of the non-ionized and zwitterionic systems was plotted and is shown in Figure

7.1. At ~5-6 water molecules, the zwitterionic form of glycine starts becoming more favorable at
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Figure 7.1. The difference in energy, in cm™, between the lowest energy conformer of the
non-ionized and zwitterionic forms of Gly(H.0)os at MP2/ def2-TZVP with ZPE
corrections added (ZPE corrections found at cam-B3LYP/def2-TZVP). For n=0-1, the
zwitterionic form always optimized to the non-ionized form.
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~500 cm™ (5.98 kJ/mol) and at ~7-8 water molecules, it is nearly iso-energetic with the non-ionized
form of the molecule. Computationally, it was important to look for “signatures” of the zwitterion
in solution, particularly in the amine and the C=0 region. Three low energy structures, one non-
ionized and two zwitterionic structures, were used in glycine(H20)s to figure this out. The H.0O
and D20 calculated spectra are shown in Figure 7.2. With H2O alone, a lot of the water features
block the stretches directly relating to the peptide. With use of D20, it is possible to elucidate these
features due to the red shifting of the DO features. In general, the main difference of the
zwitterionic and non-ionized form of the molecule will be in the NH2/NHs3 region in the mid-IR
and the NH2/NHs and C=0 region in the far-IR. The carboxyl OH group should be solvated with
the addition of one water molecule and therefore cannot help with signature patterns. In general,
the zwitterionic form of glycine has a redshifted amine region in the mid-IR that is much more
intense. It also has a NH3 feature before the C=0 (which is also shifted from its non-ionized form)
in the far-IR. Therefore, this should be the main focus of spectral analysis.

At the start of this project, trimethyllysine was used as a glycine analog since it is readily
available and contains a delocalized charge which is far from the glycine terminal (Figure 7.3A).
However, when data was taken on this system, the one laser IRPD spectrum became extremely
cluttered. The long chain between the glycine moiety and the protonated and shielded charge was
extremely flexible thus allowing the molecule to fold in on itself. The folding of the molecule
directly interacted with the glycine moiety and possibly stabilized the zwitterionic structure.
Additionally, it convoluted the many of the conformers via small changes in the angles of the
chain. Thus, with no water, the trimethyllysine IRPD spectrum was congested, and IR-IR double
resonance could not help since all structures were extremely similar to each other. Thus, a search

for a new analog continued.
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Figure 7.2. Three of the lowest energy structures of Gly(H.0/D:0O)s, one in non-ionized
and two in zwitterionic form found at cam-B3LYP/def2-TZVP and ZPE corrected. The

features highlighted in blue correspond to H,O stretches, the features highlighted in red

correspond to D,O stretches, and the features in black correspond to the Glycine.
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The amino acid histidine looked promising as it could be modified to contain a protonated,
delocalized charge in its imidazole ring and only contained a small chain between the ring and the
glycine moiety. The modified histidine molecule, 1,3-Dimethylhistidine, is shown in Figure 7.3B.
The synthesis for methylation and deprotection of BOC-His-OMe to form His(Me).OH" is
described below and the reaction scheme is shown in Figure 7.4.

Starting with BOC-His-OMe, 4 equivalents of NaHCO3 and 25 equivalents of Mel were
added into excess acetonitrile. The mixture was refluxed mixture under N2 at 60 degrees Celsius
for 3 days. Once refluxed, the solvent was evaporated utilizing a rotovap. The formed solid was
washed using chloroform and water. The water layer was extracted and evaporated. Into the
remaining white powder, 1M HCI (10 mmol, 10 mL), was stirred at room temperature for 3 hours.
1M (10 mmol, 10 mL) KOH was then added to the solution and stirred at room temperature for an
additional 3 hours. The neutral solution was then saturated with NaCl. The final product was
extracted with chloroform and washed. The solvent was rotovaped off and the final white product
was obtained. Recrystallization methods using acetonitrile were used if product looked yellow or
was very impure, found by taking a mass spectrum of the product. Reaction scheme is shown in
Figure 7.4.

The one-laser IRPD spectra of His(Me)2OH*(H20)0-12 is shown in Figure 7.5. The IRPD
spectrum of His(Me),OH*(H20)s could not be taken due to low signal of tag. For the bare
His(Me)OH" it is possible to see two strong features around 3572 and 3421 cm* corresponding
to the free carboxylic acid O-H and asymmetric stretch of the amine, respectively. A weaker amine
symmetric stretch feature at 3358 cm™ and a couple of smaller features between 2800 and 3200
cm corresponding to the CHs stretches in the imidazole ring are also present in Figure 7.5. Upon

the addition of one water molecule, the free carboxylic acid O-H peak at 3572 cm™ disappeared



Figure 7.3. (A) Trimethyllysine molecule. (B) Synthesized His(Me)(OH)* molecule.

Figure 7.4. Synthesis of the methylation and deprotection of BOC-His-OMe to form
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Figure 7.5. One-laser IRPD spectra of His(Me),OH*(H20)o.12. The IRPD spectrum of
His(Me).OH*(H.0)s could not be taken due to low signal of tag.
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and a large, broad feature between 3000 and 3200 cm™ appeared, indicating that the water
molecule preferentially binds to the carboxylic acid. This is encouraging because the same
observations were made for betaine (which is similar to the modified histidine since it also has a
delocalized charge)(see Chapter 6) In betaine and histidine alike, solvation at the carboxylic acid
rather than the at the imidazole ring shows that the charge is delocalized around the ring and should
not be affecting the solvation pattern around the glycine moiety. Finally, as solvation size
increases, the features corresponding to the water and interactions with it become blue shifted and
broaden. It is therefore necessary to then solvate with DO and overlay the two spectra. All features
corresponding to H2O are in blue, D20 are in red, and the overlapping regions are related to the
peptide are in purple.

Thus far, only His(Me)OH"*(H20/D20)o-2 have been obtained and the results are shown in
Figure 7.6. The IRPD spectrum for His(Me).OH*(H.0/D0); and the corresponding three lowest
energy calculations are shown in Figure 7.7. For the one water spectrum, there are four free O-H
stretches that belong to a water molecule between 3600 and 3745 cm™. However, there are only
two modes for a water molecule in this region, the symmetric and asymmetric modes. Since there
are four peaks, there must be at least two conformers in the population. Looking at the low energy
conformers found for this system, all features of all three conformers, shown in Figure 7.7 A-C,
overlap with each other except those of the water. The calculated spectra of A and B account for
all the features of the one laser IRPD spectrum. The difference between these two conformers is
which oxygen is the C=0 and which is the O-H.

The IRPD spectrum for His(Me).OH*(H.O/D;0), and corresponding low energy
calculations are shown in Figure 7.8. For the two-water spectrum, there are four free O-H stretches

that belong to the two water molecules between 3300 and 3750 cm™. These four stretches on its



Figure 7.6. IRPD spectra of His(Me),OH*(H.O/D;0)o.2-D,. The features in blue
correspond to the H,O spectrum, in red correspond to the D,O spectrum, and the overlap
of the two in purple correspond to the peptides.
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Figure 7.7. IRPD spectrum for His(Me),OH*(H.O/D-0): and corresponding three lowest
energy conformers. Energetics and calculated spectra were found at cam-B3LYP/ def2-
TZVP and ZPE corrected.
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Figure 7.8. IRPD spectrum for His(Me)OH*(H.O/D-0), and corresponding three lowest

energy conformers. Energetics and calculated spectra were found at cam-B3LYP/ def2-
TZVP and ZPE corrected.
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own can correspond to just one conformer since each water molecule should have a symmetric and
asymmetric stretch. The region corresponding to the peptide should be able to give clues to whether
it should only be one conformer. The overlay of the H.O and D20 spectra shows that between
3400 and 3500 cm™ there are two peptide features which correspond to the symmetric and
asymmetric stretching of the amine. Between 2800 and 3100 cm™ there is a broad peptide feature
that corresponds to an H-bonded carboxyl OH. From simply counting the features, it seems that
there is only one conformer, however IR-IR double resonance spectroscopy can help fully
determine this. Comparing the IRPD spectrum to the calculated structures, it seems that the low
energy structure found in panel C fully describes the system. The main motif of the three lowest
energy conformers is that the two waters form a four-member ring with the carboxylic acid, just
as it did with betaine in Chapter 6. The only difference with these conformers is the position of

the imidazole ring which by localized effects it affects the frequency at which water appears.

7.5 Future Work

Ideally, DO spectra for His(Me).OH*(H20/D>0)s.12 would need to be taken and compared
to the H20 spectra. However, when trying to obtain this data, there were impurities in the solution
that overlapped with the D2O peaks. Purification techniques were attempted but did not prove
fruitful in removing the impurity. Enlisting help from a synthetic chemist in the department might
be beneficial. If the impurity cannot be removed, a different glycine analog must be used.
Depending on which analog is selected, computations must be run to help identify conformers in
the various the IRPD spectra. IR-IR double resonance experiments may occur to help determine if
there is more than one conformer within the population and help assist with conformer

determinations.
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7.6 Conclusions

Cryogenic ion vibrational spectroscopy (CIVS) is shown to be a useful tool to identify how
many water molecules are needed to induce the zwitterionic form of an amino acid. Two glycine
analogs, trimethyllysine and 1,3-Dimethylhistidine were used to answer this question.
Trimethyllysine was too flexible and shielded protonation site stabilized the glycine moiety thus
creating a congested spectrum. The spectra of thel,3-Dimethylhistidine and its water clusters were
taken up to twelve water molecules. The D20 spectra was taken up to two DO molecules. Further
purification techniques or a different synthesis schematic are required to mitigate impurities in the
mass spectrum which hinders the acquiring of higher order D,O spectra. Future work on other

glycine analogs to use with CIVS might be necessary.
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CHAPTER 8

Introduction into Fundamental Research Using
Gas-Phase Spectroscopy To Probe Small Peptides
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8.0 Preface

My whole life growing up my mother always stressed to me that education was important
and told me that “education was the only thing that she was going to leave me behind.” My mother
had immigrated to this country from Argentina at 22-years old and my grandmother and aunt
followed when | was 6-years old. Therefore, | grew up in a primarily Spanish speaking household
and became the first person in my family to go to college in the United States and complete a
double Bachelor’s degree. And now, as I sit here and write my thesis, | will be the first in my
family to earn a doctorate! Though we did not come from wealth, it was always important to them
for me to get an education. My passion has always been with physical and analytical chemistry,
and in general, physical chemistry has a lot of jargon which can be very daunting for a non-
scientific audience. My family loves to be in the loop with what | am doing and does try to
understand it, yet I know that even if they fully don’t understand what I am studying, they are still
pushing me to succeed. Therefore, | have written this chapter to explain my research to a broad,
non-scientific audience and | wanted to dedicate it to my family.

Before | continue, 1 would also like to thank Professor Bassam Shakhashiri who created
the Wisconsin Initiative for Science Literacy (WISL) at UW-Madison which is the program that
gives graduate students the platform to be able to write this chapter. It is amazing that as a UW
student, we are supported in our endeavors to create this chapter and it is recognized that describing
our work to a non-scientific audience is actually important! 1 would also like to thank Professor
Shakhashiri, Elizabeth Reynolds, and Cayce Osborne for dedicating their valuable time to read my

chapter, provide valuable feedback, and also give encouragement in the quest to write this chapter.
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8.1 Fundamental Chemistry—Why Should We Care?

When | began my graduate school experience and had to choose a group to do my PhD in,
| had absolutely no knowledge of the field of gas-phase spectroscopy. There are many questions
that I constantly get asked as | have gone through my PhD in this fundamental physical chemistry
field: “Why does your research matter? Does this help discover something in pharmaceuticals? In
the end will it help cure cancer?” The list goes on. Though fundamental in nature, my research has
a larger impact when you look at the full picture; however, my particular research is far removed
from practical applications.

In high school chemistry and biology classes, the teachers often tell students trends that are
known to be true in chemistry without any of the facts or data behind it. For instance, one major
example that teachers tell students is that the “structure of a molecule determines its function.”
This is inherently true. These teachers might even tell their students particular trends, “If there is
an electron withdrawing group then we expect the reaction to proceed in X way; however, there is
an exception...” And as a high school student, we take this for granted, accept it as fact, and
memorize the trends and exceptions. As we go on and delve further into the subject, we realize
that there are a lot of reasons that these statements are true and why there might be exceptions to
cases. But it isn’t until we go straight into the fundamentals, through quantum equations and
derived principles that we can fully begin to understand why it is true on all levels. This is where
my research steps in and helps guide scientists in many fields. We do work in trying to
fundamentally understand what is occurring to then be able to explain the trends and exceptions

that we see.
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8.2 The Big Picture

When many people think of protein, they think of something they can ingest— food or
supplements. Independent of food consumption choices, everyone knows that protein is necessary
for a healthy diet in day-to-day life. Many people who do strenuous workouts supplement their
diet with additional protein to help repair and grow their muscles. Besides being something that
people ingest, protein is also found everywhere throughout the body and it plays many critical
roles. Some of these critical roles are the proteins functioning as antibodies or serving as enzymes,
which are molecules used to bring about specific chemical reactions in the body. However, there
are many more roles that proteins play.!

There is much interest in understanding how proteins interact in the environment.
However, before understanding how they interact in the environment, which can depend on many
different factors, it is important to understand them in their simple state, i.e. without external
influences, and then build up the complexity.

Proteins, which are very large peptides, are made up of a collection of amino acids. Each
natural amino acid in general contains a carboxylic acid group connected to an amine, shown in
Figure 8.1. A carboxylic acid group is where there is a central carbon atom (C) bonded to an
oxygen atom (O) by a double bond and a hydroxyl group (-OH) by a single bond. Its last bond
links the carbon atom to the rest of the protein chain. An amine group is where a nitrogen (N) is
bonded to two hydrogen atoms (H). Its final bond links the nitrogen atom to the rest of the protein
chain. All natural amino acids differ by their corresponding R-group, which is just an abbreviation
for any group that has a carbon or hydrogen atom to attach to the “rest (R) of the molecule,” that

is tacked on the base, also shown in Figure 8.1. Therefore, every R-group gives each of the 20
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Figure 8.1. The backbone of one of the 20 natural amino acids. It consists of a carboxylic
acid attached to an amino by a single carbon chain. The R-group denoted in green changes

based on the amino acid.
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natural amino acids their own specific properties. The natural amino acids can be divided into three
distinct groups based on their side chains: non-polar (neutral molecule containing no positive or

negative poles since all electrons are shared evenly), polar (neutral molecule containing positive
and negative poles), and electrically charged (has a permanent positive or negative charge), shown
in Figure 8.2. Amino acids attach together as building blocks for the peptide/protein. | think of
amino acids like legos. Every different type of amino acid is a different size and might have a
slightly different shape, just like the vast array of legos. Depending on how they are placed
together, you might have a very different end structure (protein). And since we have heard in the
past that the structure of the protein affects the function, it is important to understand why this
happens. We can therefore use the amino acids like our own version of legos and build up our
protein one block at a time to be able to see how every little change affects the structure and

therefore the function.

8.3 Why Probe in the Gas Phase?

As | said above, we want to start very simple. There are so many techniques to be able to
look at these proteins. Many techniques probe them in the solution that you would find them in,
such as water. Since our bodies are ~60% water, with some regions being a higher percentage and
others being a lower percentage, it makes sense to want to probe these molecules in water.
However, water is a tricky molecule. In many techniques, water leads to a broadening of
experimental features so much so that features turn into a blob when recording spectra. It is not
then possible to actually see every little wiggle in a spectrum, and therefore interpret it. Also, in

water, there are many more interactions that can occur. The water can interact with the protein
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through hydrogen bonding and the water molecules can interact with each other. Therefore, a
simple molecule can get very complicated extremely quickly.

To be able to isolate the molecule outside of any solvent (a substance, which is normally a
liquid, which is used to dissolve other materials in order to make a solution), we would need to put
the molecule into the gas-phase. However, in the gas-phase, in order to detect your molecule, it
would need to be charged in some way. Since all but five natural amino acids are neutral, which
means that they do not contain a permanent positive or negative charge, it has to be manipulated
for us to detect them and once manipulated, the charged species is called an “ion.” Therefore, we
can see the ion as it is without any solvent at all. And depending on instrumentation, it is possible
to slowly solvate the molecule of interest one water molecule at a time and build up to bulk solvent.
It is basically like putting salt in an empty glass and slowly adding one drop of water at a time. In
the beginning, with such few drops you can see how the salt interacts with those drops, but as you
keep adding more and more water, you build up to a glass of water where the salt is fully dissolved.
After a certain point, it doesn’t matter how many drops that you add, the extra water doesn’t change
the interaction between the water and the salt, this is called the bulk. This gives a better idea of the
properties that the molecule might have on its own and how those properties change as a function

of solvation.

8.4 The Machine

So how are we even going put our molecule into the gas-phase? We are able to probe the
molecule on an instrument termed CIVS, which stands for Cryogenic lon Vibrational
Spectroscopy. If you walk into the Garand lab and see this “machine” as Etienne calls it, it looks

like a daunting task, as a 3-meter instrument that has probably over 100 black cords crossing every
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which way stares back at you. However, in its simplest form, it is basically an ion cooler and can
be described by the cartoon that Jon VVoss (PhD 2018) drew, and Erin Duffy (PhD 2017) colored
in, shown in Figure 8.3. The figure itself is showing a ruthenium molecule going through the
instrument, but the set-up is the same for a peptide. A peptide is the same as a protein since it is

also a collection of amino acids, however it is usually smaller in scale.

Figure 8.3. Cartoon instrument schematic drawn by Jonathan Voss (Ph.D. 2018) and
colored by Erin Duffy (Ph.D. 2017).

The instrument starts when the user (the lab rat) adds a liquid sample of the protonated
peptide (a peptide with an additional hydrogen attached to it forming a charged species, peptide-
H™), which is our ion, being probed into a syringe that has a voltage applied to it to allow the
sample to spray and go into the gas phase. We call this electrospraying the solution into the

instrument. The ions then get guided through the instrument and stop at the reaction trap (the
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racoon). At this stage, the user can add a solvent into the instrument through one of the gas lines.
Even with one drop of water, for instance, the gas can flow over the drop and bring water molecules
into the instrument to cluster around the peptide. Once clustered, the molecules get transferred
from this stage into the main tagging trap (the bunny and the penguin). Here the clusters get cooled
to 10 Kelvin, which is -263 degrees Celsius (very cold!), by a cryostat and a tag molecule, usually
D2, gets added to the cluster. D> is deuterium gas, which is an inert gas (it does not interact or
chemically react with other species) and deuterium is an isotope of hydrogen; it has one additional
proton than a hydrogen leading it to have a molar mass of 2 g/mol while hydrogen is only 1 g/mol.
We utilize a D, tag for the laser stage of our instrument so we can observe a change of mass
whenever something interesting is happening to our molecule through interaction with a laser.
From here, the tagged cluster is taken into the last stage of the instrument, which is the laser stage
(the squirrel). Whenever the laser is resonant with a vibration of the molecule, the molecule begins
to move by a certain mode (bending or stretching of certain bonds). The vibrations are then
redistributed by intermolecular vibration redistribution (IVR) and this motion allows the D> tag to
pop off the cluster. As I sit here and write this next to my golden retriever, all of what I described
above can be related and visualized as a human petting a dog. The dog is like our molecule and the
human is like the laser. As the human is petting the dog, they move their hand from the top of the
dog’s belly to down near the legs, kind of like the laser scanning a certain frequency range. When
you hit that “sweet spot” on a dog, the dog’s lower legs start going crazy. This “sweet spot” on a
dog can be related to a “resonance” of the molecule. If we imagine that there was something weakly
attached to the dog’s leg, as the D> tag is to our molecule, when the dog starts to move his legs,
the weakly attached substance can be dislodged! All species are separated and hit a detector. We

now then have two different masses reaching the detector when the laser is resonant (the untagged
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and tagged cluster) and only one mass reaching the detector when the laser is not resonant (just
the tagged cluster). By monitoring the appearance of the untagged cluster as a function of laser
wavelength as we scan the laser, we can produce an IR spectrum of the cluster that we are interested

in. The actual instrumental set-up is shown in Figure 8.4.

Figure 8.4. Real CIVS instrument schematic.
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8.5 Understanding the Infrared (IR) Data

As stated above, the data that we get is basically how the peptide vibrates. Since each
peptide is just a collection of amino acids, there are a couple of vibration features that we know
that all the IR spectra will have. Each peptide has an O-H on the carboxylic acid (carbon double
bonded to an oxygen and singly bonded to an -OH) and N-H features on the amine (nitrogen
bonded to two hydrogens) and amides (nitrogen bonded to a hydrogen and to a carbon that is
doubly bonded to an oxygen). The O-H and N-H features vibrate separately from each other and
are dependent on the wavelength of the laser. So, what do | mean by they vibrate? If we look at
Figure 8.5, | am showing how the O-H “vibrates.” This motion is the O-H bond stretching and
compressing while the rest of the molecule stays unperturbed. With an IR-laser, we typically would
see a feature that represents this mode when the laser is placed around 3575 cm™ (wavenumbers).

Wavenumbers is defined as the number of waves per distance and is used in IR spectroscopy since



258

Figure 8.5. The “vibrating” stretching motion of the carboxylic O-H. The O-H bond
stretches and compresses. This resonant mode is usually found around 3575 cm™.

Figure 8.6. The “vibrating” stretching motion of the amine N-H. The N-H bonds stretch
and compress. They can be either a symmetric mode where both N-H bonds stretch and
compress in sync or they can be asymmetric mode where one N-H bond stretches while
the other compresses and vice versa. These resonant modes are usually found around 3420
and 3470 cm!, respectively.
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wavenumbers is proportional to the energy of the light; the higher the number, the greater the
energy of light. Therefore, this mode would have a “resonant frequency” at 3575 cm™. An amine,
which is at the other end of the peptide, has two different stretching motions, shown in Figure 8.6.
It can have a “symmetric stretch” which is where both of the N-H bonds expand and compress in
sync and it can have an “asymmetric stretch” where one N-H bond expands at the same time as
the other compresses and then vice versa. These features usually have resonant frequencies around
3420 and 3470 cm for the symmetric and asymmetric stretches, respectively.

When it comes to protein folding, there are interactions of the atoms within the proteins
that we can probe with our IR laser. Hydrogen bonding is usually the main culprit for protein
folding, both within the molecule and outside of the molecule by solvent. Hydrogen bonding is
rather simple in definition. It requires there to be a hydrogen to be bonded to another atom (usually
oxygen, fluorine, or nitrogen). This bond is weaker than the bonds within the molecule (the single
and double bonds) but stronger than other types of interactions the molecule can have. With our
IR laser, the interactions probed within (intramolecular) the folded molecule are usually by the N-
H features hydrogen bonding to the C=0 feature of the carboxylic acid. And once water is
involved, water molecules like to hydrogen bond to the N-H and O-H features (intermolecular).
When these perturbations happen from hydrogen bonding, we see a “shift” of peaks in our
spectrum, usually to the smaller wavenumbers. This is termed “red shifting.” By understanding
where these features should be unperturbed, and then seeing the features change as a function of
different R-groups (an abbreviation for the rest of the molecule) of the various amino acids, we
can give information as to how the various R-groups affect the structure of the peptides.

As an example of a real IR spectrum, | am showing protonated Gly-Gly-Gly (GGG) and

Ala-Ala-Ala (AAA) in Figure 8.7. The structures of linear GGG and AAA are shown in Figure
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8.8. Glycine and alanine are the two simplest amino acids and only differ by the R-group: the R-
group in glycine is a hydrogen and the R-group in alanine is a methyl group. As you can see, in
the green region where the O-H stretch should be, there is no difference between the two peptides.
However, in the blue and purple regions which are from the amine/amide and hydrogen bonded
amine/amide, there are differences between the two, both in peak height and peak placement so
we can assume that the methyl R-group that is alanine does something to perturb the folding

structure of the backbone.

Figure 8.7. (Top panel) IR spectra of protonated Gly-Gly-Gly (GGG) and (bottom panel)
Ala-Ala-Ala (AAA). The various stretching mode regions are highlighted in different
colors.
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Figure 8.8. A) Protonated Gly-Gly-Gly (GGG). B) Protonated Ala-Ala-Ala (AAA). The
difference between Gly and Ala is the R-group replacement of a hydrogen in Gly for a
methyl group in Ala.
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Since proteins and peptides are flexible, we can’t expect them to be locked in one
conformation, rather there are probably many conformations that exist both in solution and in the
gas-phase. One way to know if there are more than one structure that you are seeing in your IR
spectrum is to count the peaks. For instance, if we look at GGG we should have one O-H stretch
peak, two amide N-H stretch peaks (since there are two amides), and three stretch N-H peaks that
correspond to the protonated amine. This then means we should see 6 features in our IR spectrum
if there was just one structure present. In just the green and blue highlighted regions there are 5
peaks and in the purple region there are at least 4 more. Since this total is larger than what we
predict, then we know that there should be at minimum two different structures within this
population. When a species has more than one structure that it can form into, we say that these
species have multiple “conformers”.

So how do we distinguish the multiple conformers? With our instrument set up, | described
the case where we just had one laser at the end. However, we can add an additional laser to the
main tagging trap stage and we can do IR-IR double resonance spectroscopy. Basically, this means
we can do conformer selective spectroscopy. There are two techniques that we can use: fix the first
laser that is in the main tagging trap and scan the second laser or we can flip the two and scan the
first laser and fix the second laser. I am going to break down the two different techniques. You can

also refer to Figure 8.9 for a descriptive picture.



Figure 8.9. A) Schematic of conformer burn method. B) Schematic of conformer dip
method both when the first main trap laser is not resonant and resonant.
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1) Fix the first main trap laser and scan the second laser: This is what we call a conformer
“burning” technique. Before describing the technique normally, I want to bring us back to the dog
analogy. So, in our population, we can have more than one conformer which is like having more
than one type of dog in our household. Each dog has its own quirks as well as its own “sweet
spots” when petting it. If we have both dogs on their backs with something weakly attached to
their foot, it is possible for me to get the spectrum of one dog without the effects of the other. If |
know that one of the dogs is sensitive to scritches under his armpit and the other one isn’t, I can
scratch them both there at the same time. This leads one of the dogs to kick his back legs like
crazy, which dislodges the weakly attached thing on their foot, while the other dog remains still.
When | then look at who still has the tie on their foot, | see that the one lying still does, and then |
can continue on with petting that dog until I see where their “sweet spot” is.

So now | am going to describe the technique without the analogy. Once we have the normal
one laser spectrum, which is what | showed before and described in the instrumental set up, we
can pick a feature that we believe might belong to one conformer (just like me scratching under
the dog’s armpit). From there, we fix the first laser on that wavelength. Since the laser is on,
anything that is resonant with that wavelength will vibrate and pop off the D tag in the main trap
(as the dog did who had a sweet spot in the armpit). When the whole population leaves the main
trap (me looking at which dog still has their tag on their foot), whatever does not have a tag gets
kicked out of the system and what you are left with is anything that was not resonant with that
wavelength, i.e. does not have that peak in the spectrum (just the dog lying still). With this
technique you are getting rid of part of the population early on in the instrument and observing the

spectrum of what is left through the second laser.
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2) Scan the first main trap laser and fix the second laser: This is what we call a conformer
“dip” technique. Before describing it normally, I want to bring back my dog analogy. So, let’s say
we have our two different dogs in the household, but I just want to understand where the Golden’s
“sweet spot” is without the effects of the other dog. | know that the golden loves getting petted on
his ribcage and the other one is neutral about it. So, | am going to focus my pets there. First, I will
start petting both, moving from the top of their belly to their legs, and at each step | am going to
check who still has the tie around their leg. Then, 1 will pet the ribcage of whoever still has the tie
around their leg. 1 am expecting my Golden to always shake the tie off when | pet his ribcage
(therefore have a constant “signal”). However, if he shakes off the tie earlier when petting his
belly, when I move to the second step of petting the ribcage, I won’t see anyone shake their tie off
because my Golden has already done it earlier! This is then a “dip” of signal in each place this
happens.

Now I will describe this technique plainly. Similar to the burn method, once we have the
normal one laser spectrum, we pick a feature that we believe might belong to one conformer and
we set our second laser at the end of the instrument to it (petting the ribcage of the Golden). This
means that no matter what, we should see a signal from this conformer. When we scan the first
main trap laser, if it is not resonant in the main trap, it passes through the rest of the instrument
and to the second laser, so we see its constant signal. In the main trap, if the conformer that we
are probing is resonant, the molecule vibrates and loses its D tag and is kicked out of the system
there (if the Golden loses its tie earlier during the pets). So, when we are probing with our second
laser, we actually lose the signal that we have. The resulting spectrum is basically the dip of a
signal and if we invert it it is the spectrum of just the conformer that has this feature that we were

probing.
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8.6 Matching IR Data to Real Conformers

So now that we have seen some data and can physically see changes in peptide folding due
to different R-groups, we want to be able to know how these peptides actually look. For this we
use computations that are done on the computer. We are able to build our molecules with Gaussian
16 software? and utilize other programs given to us from collaborators in the Hopkins group at the
University of Waterloo®® to help us search ways in which the peptides can fold. From there we
can optimize geometries and get vibrational frequencies of the molecules. These vibrational
frequencies are calculated frequencies that predict where the molecules’ various vibrations should
appear. We can compare these to our spectrum and get determinations of what structures we are
seeing in the gas-phase. An example of this is shown in Figure 8.10. Here | am showing the IR
spectrum of AAA which you saw in the bottom panel of Figure 8.7, however, | am overlaying the
conformer specific spectrum to the calculated computation. As you see, | am able to highlight what
features are due to what stretches as predicted with the calculations and there is really good
agreement.

Now knowing the specific conformations, we are able to make informed opinions on what
we believe is occurring. We can use other sets of computations to help guide our reasoning until
we get to the bottom of what is going on. And many times, it is not just one factor. There may be
a combination of things occurring which leads us to the result that we obtained such as sterics of
the R-group on the amino acid (which is if the group is bulky and obstructs the peptide’s/protein’s

ability to fold), electron donating/withdrawing effects from the side chain, proton affinities, etc.
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Figure 8.10. (Top panel) The IR spectrum of AAA compared to the (Bottom panels) lowest
energy calculated spectra and the conformer specific ion dip spectra for each structure.
Each structure’s population percentage and respective errors, in parenthesis, are denoted
next to their names.
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8.7 Impact

This research has not just helped put another piece together of the larger puzzle that is
research, but it has also taught me a lot. I did not come with this fundamental research background,
and I also had to learn all these techniques from the ground up. And though the techniques might

be very specialized, more importantly | learned how to think and problem solve like a scientist.
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No matter what endeavors | take in the future, the skills I have learned through this research
(critical thinking, working independently and in a group, perseverance, and many more skills) will
be extremely beneficial and I can use them all to my advantage.

| hope as | have written this chapter you have begun to grasp some of these techniques that
| use on my instrument to answer these fundamental questions. My particular research has focused
on these small peptides and understanding how their R-groups and solvation affect their folding
(as I introduced and discussed above). | have been able to progress the gas-phase spectroscopy
community by showing and understanding that gas-phase structures do make sense and give us
insight into what might be happening in solution phase. Though these questions may be
fundamental in nature, they help us understand the facts that we have been told many times over
without justification. They also help other scientists make informed decisions on peptides to make
if they want a particular structure and therefore a particular function. This fundamental knowledge
is the basis of all science.

And where do I go from here? | have learned so many valuable techniques from my work
in my PhD. Not only that, | have also learned how to critically think about a problem and try to
use the fundamentals to give an answer. | will be taking my knowledge and skills that | have
learned and used in the Garand Group and will be going on and doing a postdoc in the Remucal
Group at UW Madison. Though the science is very different as | am moving from a fundamental
physical chemistry field to an environmental chemistry field, I will be able to use everything | have
learned and hopefully bring new insights to this different research. In particular, I will be able to
bring my expertise about how small changes in the structure of a chemical’s backbone can lead to
different effects in a different class of compounds, Per- and Polyfluoroalkyl Substances (PFAS),

also known as the “forever chemicals.”
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