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ABSTRACT: Two-color infrared multiphoton dissociation (2C-IRMPD) spectroscopy is a
technique that mitigates spectral distortions due to nonlinear absorption that is inherent to
one-color IRMPD. We use a 2C-IRMPD scheme that incorporates two independently tunable
IR sources, providing considerable control over the internal energy content and type of
spectrum obtained by varying the trap temperature, the time delays and fluences of the two
infrared lasers, and whether the first or second laser wavelength is scanned. In this work, we
describe the application of this variant of 2C-IRMPD to conformationally complex peptide
ions. The 2C-IRMPD technique is used to record near-linear action spectra of both cations
and anions with temperatures ranging from 10 to 300 K. We also determine the conditions
under which it is possible to record IR spectra of single conformers in a conformational
mixture. Furthermore, we demonstrate the capability of the technique to explore
conformational unfolding by recording IR spectra with widely varying internal energy in the
ion. The protonated peptide ions YGGFL (NH;"-Tyr-Gly-Gly-Phe-Leu, Leu-enkephalin) and
YGPAA (NH,;"-Tyr-Gly-Pro-Ala-Ala) are used as model systems for exploring the advantages

(M+H)*

Unfold K

and disadvantages of the method when applied to conformationally complex ions.

I. INTRODUCTION

Mass spectrometry coupled to laser spectroscopy is a powerful
tool for structure elucidation of ions. Often, the gas-phase ions
of interest are held together by networks of intramolecular H-
bonds. In the case of peptide ions, these networks involve both
amide—amide H-bonds and the electrostatically driven H-
bonding interactions between the charge site(s) and various
acceptor groups. As soon as these ions are more than a few
residues in length, the competition between various possible
arrangements of the H-bonds and the small energy differences
associated with a room temperature Boltzmann distribution
make it difficult or impossible to chemically intuit which
structures will be formed.

The field of gas-phase ion spectroscopy continues to grow in
its reach and insight into ion structure. The ready-made ability
to mass-select reactants and selectively detect fragment ion
products makes action spectroscopy built around ion
fragmentation the method of choice for such studies.'™®
Infrared multiple photon dissociation (IRMPD),”~"" messen-
ger tagging,lz_15 and IR-UV double resonance'*™** (IR-UV
DR) are commonly used action-based techniques for probing
the H-bonded networks present in gas phase ions. Each
technique produces an IR spectrum that provides insights
about the functionalities, intramolecular, and intermolecular
interactions.'” When peptide ions are the subject of study, the
IR spectrum probes the hydrogen-bonded network that is
present. Hydrogen-bond donor (e.g, N—H) and acceptor
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(e.g, C=0) groups have the frequencies of their vibrational
fundamentals shifted by the strength and orientation of the H-
bond(s) in which they are involved and the couplings between
them. Thus, the resulting experimental spectrum reflects in a
sensitive manner the three-dimensional structure of the ion
and when combined with theory allows for explicit structural
assignments to be made.""”

Because these techniques are action-based and indirectly
probe the infrared absorptions of the ions, it is important that
the experimental conditions used do not skew the resulting IR
spectra.”” Generally, suitable conditions can be achieved by
limiting the fluence of the tuned IR laser.”” In messenger
tagging and IR-UV DR, ions are often cryo-cooled prior to
being probed, making it possible to preserve the innate spectral
characteristics of the single-photon absorption spectrum by
probing fragmentation after absorption of one or a small
number of IR photons.””"”* At higher powers where
multiphoton processes play a major role, the resulting spectra
can be distorted in intensity and can even result in certain
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Figure 1. (a, c) Energy level diagrams for 1C-IRMPD and IR excited 1C-IRMPD spectroscopies, respectively. (b, d) IR spectra of [YGGFL + H]*
over the 3200—3700 cm ™ region resulting from 1C-IRMPD on the nonexcited and IR-excited ion, respectively. The wavenumber positions of two
absent IR transitions are shown in (b). The spectrum in (d) was recorded with the low-fluence laser (blue in c) fixed at 3400 cm™" with a 30 ns
delay between the two IR sources; that is, [4;z(3400 cm™)I30 nsllp(tuned)]. See the text for further discussion.

vibrational bands vanishing from the spectrum.”*** In typical
IRMPD spectra, this is often of more concern as the
mechanism for inducing fragmentation relies on the absorption
of multiple infrared photons at each vibrational mode. Previous
analysis has shown this process to have a minimal effect on the
resulting spectra of rigid ions, allowing for accurate modeling
of the observed spectral deviations.”” In more flexible peptide
ions, however, there can be a noticeable difference between
spectra recorded by using IRMPD compared to IR-UV DR and
messenger tagging.26 These deviations can be harder to
interpret or predict and make it more difficult to accurately
make structural assignments based on harmonic level
calculations.

Previous comparisons between infrared photodissociation
(IRPD) and IRMPD on clusters correlate missing bands in the
IRMPD spectra (called TRMPD transparency’) to shifts in
resonant frequencies during the early stages of IRMPD.”>**
The shifts in frequency are proposed to result from a
disruption in the hydrogen-bonded network at energies
below dissociation. The degree of IRMPD transparency is
reduced as the dissociation limit approaches the amount of
energy imparted by a single IR photon.”

In flexible systems, if some fraction of the IR bands in the
spectrum are transparent in IRMPD, it would be difficult or
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impossible to assign the resulting IRMPD spectrum to a
particular conformation. Peptides represent a class of
molecules that are conformationally complex and require
absorption of many IR photons before fragmentation is
kinetically competitive relative to isomerization. This combi-
nation is especially susceptible to IR transparency.

An alternative but less common technique to record gas
phase IR spectra is two-color IRMPD (2C-IRMPD).””~** This
pump—probe technique divides the IRMPD process into two
irradiation steps. The first laser, which is tunable, is set to a
lower fluence and used to vibrationally excite ions while the
second laser, set to high fluence conditions, induces
dissociation selectively from the subset of ions that have
absorbed one or more IR photons.”””" This method was
initially developed by Lee and co-workers in their studies of
protonated water clusters.”” In the early version of this
technique a line-tunable CO, laser was used to enhance the
dissociation yield after irradiation with a tunable IR li§ht
source. More recently, the groups of Niedner-Schatteburg®”**
and Johnson®*"*° have employed a variant of this technique
which makes use of two tunable optical parametric oscillator/
amplifier (OPO/OPA) IR lasers to record the vibrational
spectra of metalated ions and protonated water clusters. In this
variation both lasers can be tuned, providing additional
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versatility. The advantage of this technique over single-color
IRMPD is that it can detect vibrational bands that are prone to
IRMPD transparency. However, in these studies either the
dissociation energy or conformational flexibility was limited.

In the present work, we demonstrate the ability to apply a
similar 2C-IRMPD scheme to conformationally complex
protonated peptide ions, circumventing issues associated with
IRMPD transparency. The technique is initially tested on well-
characterized protonated pentapeptides to gauge its feasibility
when applied to ions of this size regime (~500 Da). We report
conditions under which 2C-IRMPD is possible on these
prototypical peptide ions and explore the circumstances under
which undistorted, near-linear spectra of cold/room temper-
ature ions can be recorded. In addition to successfully
obtaining near-linear spectra, we demonstrate the use of
alternative 2C-IRMPD schemes to gain new insights into the
peptide conformational isomerization that precedes fragmen-
tation. In particular, we examine the effects of internal energy
on the 2C-IRMPD spectra, ranging from thermal energies to
energies well above the fragmentation threshold. These latter
spectra represent snapshots of the peptide ion “unfolding”
during the delay between the two IR pulses. A comparison of
the 2C-IRMPD spectra recorded under the whole range of
internal energies reveals which vibrational bands are most
sensitive to the ion’s internal energy content. This, in turn,
establishes an experimentally verified link in peptide ions
between conformational isomerization and IRMPD trans-
parency. Lastly, we show results for a first attempt to obtain
conformation-specific IR spectra by using 2C-IRMPD, an
ability of considerable value to spectroscopic studies of gas
phase ions. As we will see, the conditions under which
conformation-specific 2C-IRMPD spectra can be obtained are
established but are restrictive enough that it may not always be
possible to meet the needed criteria.

Il. EXPERIMENTAL METHODS

All spectra were recorded on a custom-built apparatus that is
composed of a tandem triple quadrupole mass spectrometer on
one axis with an orthogonal spectroscopy axis mounted
between the second and third quadrupoles.’” Methods for
recording UV and IR-UV DR spectra are described elsewhere.”
Briefly, ions are generated via nano-electrospray ionization (n-
ESI) and guided into a linear quadrupole ion trap. The ion of
interest is mass isolated by using RF-DC isolation and then
guided via a turning quadrupole down the spectroscopy axis
where the ions are trapped in a cryogenically cooled octupole
ion trap. The trap is held at 5 K via a close cycle helium
cryostat (Sumitomo Heavy Industries). Ions are cooled to ~10
K via collisions with the He buffer gas before spectroscopic
interrogation by two counterpropagating lasers. The laser-
induced photofragments are extracted back down the spec-
troscopy axis and turned into a final linear ion trap. The
residual precursor ions are ejected from the trap via a
supplemental auxiliary waveform calculated with the SX wave
software,”® and the remaining photofragments are extracted
onto a channeltron detector.

The 2C-IRMPD scheme is applied in an analogous manner
to that of IR-UV double resonance, which has been previously
described.******** To acquire a near-linear 2C-IRMPD
spectra, the 1C-IRMPD spectrum of the nonexcited and IR-
excited ion must first be known. The schemes to obtain these
spectra are graphically illustrated in Figures la and lIg,
respectively. In this approach the 1C-IRMPD spectrum
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(Figure 1b) is obtained by irradiating the ion packet with a
single pulse of a high-fluence tuned IR laser. The conditions
for the high-fluence laser, termed Ay, are 30 mJ/pulse, focused
to the center of the trap with a 50 cm focal lens. In this mode,
it is required to induce photofragmentation with a single laser
pulse. In order for our nanosecond IR laser to induce
photofragmentation at a particular wavelength, the laser
fluence must be sufficient to cause absorption of multiple IR
photons of the same wavelength,” thereby reaching ion internal
energies at which fragmentation occurs prior to collisional
stabilization of the IR excited ion in the cold trap. Cooling
times have been previously measured to occur on the
milliseconds time scale.”” Efficient “ladder climbing” occurs
when the peak wavelength of a particular IR absorption does
not change significantly with internal energy in the ion, so that
successive v” — v” + 1 transitions can occur, leading, in turn,
to efficient fragmentation.”” Bands that shift their frequency
out of resonance with increasing internal energy will become
“IR transparent” and will be observed with greatly reduced
intensity or disappear completely from the 1C-IRMPD
spectrum.

To record the 1C-IRMPD spectrum of the IR-excited ions
(Figure 1d), a low-fluence laser termed Az (~1S mJ/pulse
resized to 6 mm diameter as it passes through the ion packet)
is fixed on a transition identified in the 1C-IRMPD spectrum,
while the Ay is scanned across the spectral region. As the
fluence of this laser is significantly lower than the high-fluence
laser, it is possible to vibrationally heat the ion without
inducing fragmentation. The temporal delay between the two
lasers is typically set to 30 ns, with A p preceding Ayp. The
spectrum of the IR excited ion (Figure 1d) serves to identify
absorptions that are unique to the IR-excited ion relative to the
nonexcited ion. In what follows, we use a shorthand notation
for the 2C IRMPD laser schemes [A;(tuned/fixed)IX nsl
A(tuned/fixed)] and designate which laser is fixed versus
tuned and the time delay between them. The laser that
irradiates the ion packet first is always listed first.

To record near-linear 2C-IRMPD spectra, the same scheme
shown in Figure 1c is used; however, Ay is fixed and A is
scanned. Ay is fixed on a unique transition present in the
spectrum of the IR excited ion, such that no fragmentation
occurs, unless the ion first absorbs a photon from the low
fluence laser. Careful control of the fluence of this laser results
in near-linear IR spectra. As both lasers are tunable, different
types of spectra can be generated depending on the relative
timings between lasers as well as which is tuned and which is
fixed. These spectra will be explained in turn in the following
section.

lll. RESULTS AND DISCUSSION

10 K [YGGFL + H]*. 71C-IRMPD on Nonexcited and IR-
Excited lons. Many of the initial experiments using 2C-IRMPD
were performed on protonated YGGFL, which our group has
studied in some detail previously by using the complementary
method of IR-UV double-resonance spectroscopy (IR-UV
DR).>*' The IR spectrum of the cryo-cooled ion with Ty, ~10
K will be used to compare against the 2C-IRMPD results.
Based on a comparison of the experimental and calculated IR
spectra, [YGGFL + H]* was shown to funnel all its population
into the single H-bonded conformation shown in Figure 2, a
charge-stabilized type II' S-turn.

Initially, the 1C-IRMPD spectrum of [YGGFL + H]" was
recorded at 10 K (Figure 1b). This 1C-IRMPD spectrum
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Acid

Figure 2. Previously assigned structure of protonated YGGFL with
labeled hydrogen bonds. Adapted from refs 2 and 41.

shows three bands over the 3200—3700 cm ™" region, including
a closely spaced doublet near 3400 cm™ and a single sharp
transition at 3650 cm™'. These bands are assigned to the C7
and C14 NH stretch fundamentals and the free Tyr OH
stretch fundamental, based on the close correspondence
between experiment and the calculated spectrum for the
conformer shown in Figure 2. By comparison, Figure 3b shows
the near-linear spectrum of the [YGGFL + H]" ion recorded
by using IR-UV DR at 10 K. Note from Figure 1b that the NH
stretch fundamentals due to the NH group in a 10-membered
H-bonded ring (C10) and the z-bound NH;* NH stretch are
completely missing from the 1C-IRMPD spectrum under the
laser power conditions used to record the spectrum. Aside
from insufficient laser power, missing bands are ultimately the

result of absorption of too few IR photons due to IRMPD
transparency.

Using the 2C-IRMPD scheme illustrated in Figure Ic,
[A.(3400 cm™)I30 nslA;gp(tuned)], it is possible to record the
spectrum of the IR-excited ions (Figure 1d). As discussed
below, it is estimated that A, delivers one to two photons to
the ion when on resonance. The spectrum recorded in this
manner provides a sensitive measure of the spectral differences
between the 10K 1C spectrum and the 1C spectrum of an ion
with at least 3400 cm™ of internal energy. To put the
differences in energy content into perspective, while the large
majority of the YGGFL ions at 10 K are in the vibrational zero-
point level (E,,. ~ 3 cm™"), the average internal energy at 300
K is calculated to be 6700 cm™'. Comparison of the two
spectra in Figures 1b and 1d reveals them to be highly similar.
Besides a loss of resolution in the closely spaced doublet, the
black dashed line highlights a more subtle broadening that
produces a small shoulder at 3420 cm™. An overlay of these
two spectra is given in Figure Sla. This slight spectral
broadening after the absorption of a limited number of
photons is crucial for the 2C-IRMPD technique to be feasible
when applied to molecular ions in this size regime, since it
provides the wavelength to fix Ay that is absorbed only by ions
that have been vibrationally excited by Ag.

Note that even with the additional starting internal energy
imparted with Ay, the NH;*-7 and C10 NH stretch transitions
are still absent from the spectrum. The 1C spectrum recorded
at 300 K (Figure S1b) shows the presence of a weak NH;*-7
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Figure 3. Near-linear IR-UV DR spectra of [YGGFL + H]* recorded at 10 K in the amide I/II (a) and hydride stretch region (b). Near-linear 2C-
IRMPD spectra recorded in the amide 1/II and hydride stretch regions at 10 K (¢, d) and at 300 K (e, f).
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band, suggesting that the absence of this band when starting at
10 K is due to our choice of laser power for A; . The absence of
the NH; -7z band in the spectrum of the IR-excited ions
(Figure 1d) can be used to gauge how many photons are
absorbed when A,y is fixed at 3400 cm ™. While the Boltzmann
distribution at 300 K is clearly different than the delta function
in energy produced by absorption of an IR photon, we surmise
from the absence of the NH;"-7 transition that the focusing
conditions for A used in these experiments deliver an internal
energy increase to the ion of less than two IR photons (the
average internal energy at 300 K). We will return to the
absence of the C10 band when discussing the spectral effects of
IRMPD transparency.

2C-IRMPD Spectra at 10 K. The 2C-IRMPD scheme used
to record the spectrum of the IR-excited ions displayed in
Figure 1d can be modified from [4.5(3400 cm™')I+30
nsligg(tuned)] to [Arp(tuned)l+30 nsldge(3420 cm™)] to
record the near-linear 2C spectra displayed in Figures 3c and
3d. By setting Ay at 3420 cm ™', absorption occurs only in ions
that have been excited with A;p. This scheme thereby limits the
amount of spectral distortion, as all vibrational bands can be
measured without the need to induce dissociation through
excitation of each mode. The near-linear spectra shown in
Figures 3¢ and 3d are taken at an initial jon temperature of 10
K, scanning in the amide I/II and hydride stretch regions,
respectively. The scans directly above Figures 3a and 3b are the
near-linear IR-UV DR spectra taken at 10 K in the same
regions. Note that the 2C-IRMPD spectra are very similar the
IR-UV DR spectra, convincingly demonstrating the applic-
ability of the 2C-IRMPD scheme to circumvent issues of
IRMPD transparency and faithfully reporting the IR spectrum
of conformationally complex ions in the 500 Da regime at 10
K.

While the spectra in Figures 3d and 3b are very similar, close
inspection does reveal small but reproducible differences. In
particular, the intensity of the C10 NH stretch band is reduced
in the 2C spectrum, when comparing it to the surrounding
NH,"-z, C14, C7, and free NH bands. The reason for the
intensity differences becomes clearer based on the spectra
discussed next.

300 K [YGGFL + HJ*. 2C-IRMPD at Room Temperature.
The use of IR-UV DR to record IR spectra becomes unfeasible
at room temperature since the electronic spectrum becomes
congested and broadened by hot bands at the internal energies
available to the ion at room temperature. This, in turn, makes
it difficult to deplete the UV-induced fragmentation signal via
IR absorption. By contrast, the 2C-IRMPD technique relies on
the broadening of a given vibrational transition to record near-
linear IR spectra as a fragmentation gain. The vibrational
broadening that accompanies IR absorption occurs in a similar
fashion for ions initially at 300 K as at 10 K. Figure Slb
displays the 1C-IRMPD spectrum at 300 K overlaid with the
spectrum of the IR-excited 300 K ions, showing the analogous
band broadening that occurs. The scheme used to record the
IR-excited spectrum at 300 K is identical with that used to
record the 10 K IR-excited spectrum in Figure 1d.

Figures 3e and 3f show 2C-IRMPD spectra of 300 K
[YGGFL + H]" in the amide I/II and hydride stretch regions,
respectively. As the spectra at 300 and 10 K were recorded
under identical laser conditions, it is safe to make direct
comparisons between them. There are several noteworthy
points to be made based on this comparison. First, with both
spectra in hand it is possible to gauge the degree of structural
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preservation during the collisional cooling from 300 to 10 K.
The relative conformational distribution of peptide ions at 10
and 300 K have been investigated previously by our group for
[YAPGA + H]*, where we concluded that the number of
conformations and their distribution are largely preserved
upon cryo-cooling.** This conclusion is supported upon
comparison of the 300 K spectra to the 10 K spectrum, as
the spectral patterns are largely preserved in both regions. We
conclude on this basis that even at room temperature [YGGFL
+ H]" remains in a single H-bonded structure, the charge-
stabilized type I’ f-turn.

Having demonstrated this structural preservation, we do
note some subtle changes with temperature. For instance, at
300 K the C10 NH stretch transition in the hydride stretch
region shifts 20 cm™" higher in frequency than its position at
10 K. Concomitantly, at 300 K the Phe C=0O stretch in the
amide I/11 shifts 15 cm™" to lower frequency. These shifts are
both highlighted by using red dashed lines to connect the
transitions in Figures 3d—f and Figures 3c—e. The C10 NH--
O=C H-bond closes the f-hairpin turn (see Figure 1), and
the shift to higher frequency at room temperature indicates
that this bond is weakened with increasing internal energy,
suggesting a slight loosening of the f-hairpin turn. At the same
time, the Phe C=O acts as a H bond acceptor from the
carboxylic acid OH. The shift of this fundamental to lower
frequency is consistent with a modest strengthening of this H-
bond. The ability to gauge the nature and magnitude of the
structural changes that occur during the cooling process is a
substantial advantage of 2C-IRMPD. Furthermore, the method
provides additional evidence that mid-sized peptide ions such
as [YGGFL + H]* will often retain their room temperature
structures and populations during the collisional cooling
process.”’

Effect of IRMPD Transparency on 1C-IRMPD Spectra. We
noted previously that the C10 NH band was absent in the 1C-
IRMPD spectrum at 300 K. In the previous section it was
noted that this band was sensitive to the ion’s internal energy
content, displaying a 20 cm™" shift from its position at 10 K
when warmed to 300 K. This 20 cm™" shift explains its absence
in the 1C spectrum when starting at 10 K. A single photon at
3310 cm™' (peak absorption at 10 K) gives the ion
approximately half the average internal energy it possesses at
300 K, most likely shifting the band out of resonance after
absorption of a single photon.

The absence of the C10 NH stretch fundamental in
[YGGFL + H]* demonstrates that “IR transparency” can
affect even ions that have a single dominant conformation over
the range from 10 to 300 K. Furthermore, its absence at 300 K
indicates that the C10 fundamental continues to shift in
frequency after IR absorption when starting at 300 K. We see
this as evidence that care should be taken when using IRMPD
to record spectra of conformationally flexible ions, as missing
transitions could prevent correct structural assignments.

It was not feasible to record 1C-IRMPD spectra at either
temperature in the amide I/II region due to insufficient IR
laser power in that wavelength region (~300 yJ/pulse). This is
a disadvantage of the table-top IR lasers used in our 2C-
IRMPD scheme. It is worth noting, however, that the Phe C=
O band that was shown to be sensitive to the ion’s internal
energy content is also only weakly present in the IRMPD
spectra of [YGGFL + H]" taken with a free electron laser.*
Recall that this band shifted 15 cm™ lower in frequency upon
warming the ion to 300 K.
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Figure 4. (a) 1C-IRMPD spectrum of YGGFL taken at 300 K. (b) 2C-heated IRMPD spectrum of YGGFL taken from 300 K ions. (c) 2C-heated
IRMPD laser scheme with the assigned starting structure for [YGGFL + H]" as an inset.

[YGGFL + HI* at High Internal Energies. In the previous
section it was asserted that the C10 stretch is absent in the 1C
spectrum at room temperature because its absorption
frequency shifts as the internal energy is raised. By slightly
modifying the 2C-IRMPD scheme, it is possible to record the
IR spectrum of ions that have been heated to internal energies
far greater than what is available to them at room temperature.
The comparison of the spectrum at high internal energies to
that at 300 K can be used to reveal the isomerization and
associated frequency shifts that take place as ions approach and
exceed the fragmentation threshold.

The new scheme is depicted in Figure 4c, which we refer to
as 2C-heated IRMPD. This scheme is in contrast to the 2C-
IRMPD scheme shown in Figure 1d and to the photoexcited
scheme previously described”® as many IR photons (up to
~13, as we will show) are absorbed by the ion prior to
recording the vibrational spectrum. In this scheme the high-
fluence laser is fixed on a resonant transition present in the 1C
spectrum and timed to irradiate the ion packet first, followed
by the low-fluence laser which is tuned. The spectrum shown
in Figure 4b was recorded by using the scheme [Ayz(3400
cm™1)I130 nsl; g(tuned)], with Ay fixed on the most intense
band present in the 1C spectrum of Figure 4a. Because the goal
of this experiment is to probe the IR spectra of ions at internal
energies at or above the dissociation threshold, we chose to
start the excitation process from 300 K ions. By fixing Ay on a
transition present in the 1C spectrum, some degree of
photofragmentation is induced. The baseline for the signal
induced by Ayg is indicated with the black dashed line in
Figure 4b. The signal above this dotted line is due to
fragmentation induced by A; . Oomens et al. have modeled the
dynamics of IRMPD to understand the intensity changes
present relative to linear spectra and suggest that a Poisson
distribution of internal energies is likely present following IVR-
dominated multiple photon excitation.” As a result, after
irradiation with Ay some ions in the ion packet have absorbed
enough photons to undergo fragmentation on the experimental
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time scale whereas the remaining fraction are heated to a lesser
degree and fragment either on a slower time scale or not at all.
Following a fixed time delay, the low-fluence laser is tuned
through the 2800—3700 cm™! region, adding internal energy to
the ion through absorption of additional photon(s), as
illustrated in Figure 4c.

The number of fragment ions produced when A is on
resonance with the Tyr Free OH is about 4 times the fragment
signal produced by Ayr (3400 cm™) alone. The photofrag-
ments induced by A,y are a result of A; coming into resonance
with a vibrational transition present in the conformation or
collection of conformations that have been produced by Ay
which have not yet fragmented. In this sense, a 2C-heated
IRMPD spectrum probes the changes to the network of H-
bonds in the hot ion produced by the Ayp. The corresponding
spectrum in the amide I/II region was not recorded because of
the lower power available in that region.

To gauge the range of internal energies possessed by the
ions that are probed with the 2C-heated IRMPD scheme,
Figure S shows RRKM rates k(E) for fragmentation (formation
of the b,* ion) of [YGGFL + H]*, taken from Laskin.” In
Figure 5, the blue dashed line indicates the average internal
energy possessed by the [YGGFL + H]" ion at 300 K. The red
dashed line indicates the internal energy at which ion
fragmentation occurs on the millisecond time scale. The rate
of fragmentation reaches 10 s™" at internal energies of about
~5.4 eV or, equivalently, ~13 photons at 3400 cm™l As
previously discussed, [YGGFL + H]" is estimated to absorb up
to two photons from the low-fluence laser when resonant with
the IR laser under the conditions used to record the spectrum
in Figure 3d. The spectrum in Figure 4b was recorded under
similar fluence. The red shaded region in Figure 5 corresponds
to the energy range of 6800 cm™" (two photons at 3400 cm™")
below the energy at which fragmentation occurs on a
millisecond time scale. This region corresponds to the range
of internal energies the ions must possess to contribute to the
additional fragmentation signal induced by Ag. It is important
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scale, respectively. The red highlighted area indicates the estimated
range of internal energies possessed by the ions probed by ;. in the
2C-heated IRMPD scheme. The top x-axis scale corresponds to

internal energy in terms of number of photons at 3400 cm™.

to note that the time delay (30 ns) between the lasers will also
play a role in limiting what structures are observed. In
summary, the spectrum of Figure 4b probes ions that have
4.2—5.4 eV of internal energy, far exceeding the fragmentation
thresholds that contribute to thermal dissociation (1—1.5
eV).43

The spectrum of the vibrationally hot ions in Figure 4b
contains an interesting mixture of absorption types. First, there
is evidence that the same transitions that change little in
frequency with internal energy at lower energies remain active
and relatively sharp in the hot ion spectrum. This is the
counterpoint to the statement that vibrational bands that do
change their frequency significantly (e.g., those associated with
H-bonds that weaken or break) will be “transparent” in 1C-
IRMPD spectra.”” This point is aptly illustrated through
comparison of the 300 K 1C-IRMPD spectrum in Figure 4a
with the spectrum of the vibrationally hot ions in Figure 4b.
Each band that appears in the 1C spectrum has a clear
counterpart in the vibrationally hot ion spectrum. The vertical
red dashed lines between Figures 4a and 4b connect several
transitions in the 1C-IRMPD spectrum (NH,*---z, C14, C7,
free NH, Tyr OH, and alkyl CH stretch fundamentals) to
peaks that appear in broadened form in the vibrationally hot
2C-IRMPD spectrum. Note that since the wavelength of the
high-fluence IR source is fixed, the ions that are interrogated
with Ay start from a common distribution of internal energies.
Because the ions are quite hot, any distortion of the spectrum
due to further changes in the spectral shape with internal
energy is likely to be quite small. Thus, the resemblance of the
bands in the hot ion spectrum to the initial 10 or 300 K spectra
suggests that the dominant conformer population in the hot
ion after 30 ns retains certain aspects of its starting structure.

Second, other IR transitions are not obviously present in the
hot-ion spectrum. For instance, the C10 NH stretch band that
appears at 3330 cm™ in the near linear 2C-IRMPD spectrum
(Figure 3f) has no identifiable counterpart in the spectrum of
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the vibrationally hot ions (Figure 4b), confirming that this
band does indeed continue to shift in frequency, broaden, or
disappear as the internal energy of the ion is raised.

Third, there is a broad absorption that stretches continu-
ously from 2800 to 3480 cm™'. The high-frequency edge at
3480 cm™" has a rather sharp cutoff that reflects the fact that
free amide NH stretch transitions appear in the 3450—3480
cm™' region, with no means of shifting to higher wavenumber.
The fact that the absorption intensity in this free amide NH
region is small indicates that the vibrationally hot ions that we
interrogate have not completely unfolded. Indeed, the
absorptions that stretch down to 2800 cm™ indicate that
some of the strongest H-bonds are still intact, at least to some
degree. In the 10 K 2C spectrum (Figure 3d), the absorptions
below 3200 cm™ have contributions from the H-bonded
COOH, the two NH;*--O=C H-bonds, and the alkyl CH
stretches. As discussed further below, it seems likely that, apart
from the alkyl CH stretch transitions around 2950 cm™, the
broad absorption that fills in the 2800—3200 cm™" region is
largely due to the NH;" group, which sits atop the f-turn and
binds to the C-terminal C=0 group and the Gly(3) C=0O0 at
the center of the turn. The distribution of structures probed by
the low-fluence IR laser has loosened, but not broken, these
strong ion—carbonyl interactions.

Finally, the most striking feature in the hot-ion spectrum in
Figure 4b is the new band that appears at 3560 cm™" which has
no counterpart in the 1C spectrum. Based on its frequency,
this new band is assigned to the fundamental of a free
carboxylic acid OH stretch."” The presence of this free OH
stretch transition is especially interesting, as the starting
structure shown in the inset of Figure 4c is one in which the
COOH group is trans, with the OH engaged in a strong C7 H-
bond with the neighboring C=O group. In the assigned
structure the bound OH stretch transition in the cold ion
spectrum (Figure 3b) appears as a broad absorption near 2900
cm™". Superimposed on the broad absorption assigned to the
OH stretch are much sharper absorptions that are assigned to
alkyl CH stretches.” The appearance of the free acid OH
fundamental at 3560 cm™' in the hot ion spectrum suggests
that the absorption near 2900 cm™" in the 1C spectrum and
that in the spectrum of the vibrationally hot ions in Figures 4a
and 4b, respectively, are a combination of the NH;* hydrogen
bonds and alkyl CH’s. While alkyl CH stretches do not have
particularly strong oscillator strengths, their frequencies are not
expected to shift significantly as the ion is heated and
isomerization occurs. This provides an ideal scenario for
multiphoton absorption.

The blue arrow in Figure 4b denotes the ~660 cm™" shift in
the frequency of the carboxylic acid OH stretch fundamental
from the bound to free position. We have stated previously
that the structure of the hot ion retains certain aspects of its
starting structure at these elevated internal energies. However,
it is simply not possible to assign the spectrum to a single
conformation, nor would we anticipate that this would be so.
Indeed, it is clear that the acid OH does move to a free
position. To estimate the energy barrier needed to break the
trans COOH---O=C H-bond, we calculated a relaxed
potential energy curve along the OH torsional coordinate
that moves the COOH from the trans to the cis position. The
calculated transition state for breaking this H-bond to form cis
COOH is about 0.53 eV (4240 cm™") above the ground state
(see Figure S2 for details). For reference, the lowest energy
threshold for fragmentation is 1.14 eV.* The rate of the OH
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group breaking its H-bond during its torsion from the cis to the
trans position is given as a function of internal energy by the
black curve in Figure S. At 3 eV the OH isomerization rate
predicted by RRKM calculations (see the Supporting
Information) is already on the order of 10® s™', consistent
with this process occurring during the 30 ns delay between
pump and probe lasers.

Taken together, the lower energy threshold for isomerization
and the experimental observation of the free acid OH stretch
demonstrate that single-step isomerization rates are consid-
erably faster than the ion fragmentation rate. For reference,
based on the equilibrium constants at 300 K (0.83 eV) and 4.3
eV, it can be estimated that the structure with the unbound
COOH accounts for only 5% of the total population at room
temperature and 75% or greater of the total population in the
energy range probed by A;p in Figure 4b. Simple rearrange-
ments such as trans—cis COOH isomerization change the
nature and strength of the intramolecular H-bonds in the H-
bonded network. Given the large frequency shift of the OH
stretch between cis and frans positions, this isomerization
breaks what is almost certainly the strongest H-bond between
neutral groups in the folded ion. At the same time, the
presence of strongly shifted absorptions due to the NH;" group
indicates that it is bound in such a deep pocket that even with
S eV internal energy, it retains significant H-bonds with nearby
C=O0 groups on the nanosecond time scale. Therefore, the
hot ion spectrum in Figure 4b is of a partially unfolded
[YGGFL + H]" ion following IR excitation to energies 4 times
the threshold for breaking chemical bonds in the ion.

2C-IRMPD on [YGPAA + HI*: A Multiconformer
System. One of the expectations for spectroscopic studies of
large biomolecular ions in the gas phase is that many of these
ions will exist in more than one conformation. In this sense
[YGGFL + H]" is more the exception than the rule. Thus,
conformer specificity is a highly attractive feature for any
spectroscopic technique, including 2C-IRMPD. This is routine
in IR-UV DR as the UV spectra of the different conformations
are generally resolved and thus have transitions that can serve
as monitor transitions for specific conformations.'” 2C-IRMPD
requires the presence of IR transitions unique to each
conformation, much as in messenger tagging.44 In this section
we report a method that achieves conformer specificity by
selectively detecting the intermediate state formed by IR
excitation on the nanosecond time scale for the delay between
the two IR laser pulses.

To demonstrate both the success and challenges of
obtaining conformer-specific spectra, we use the singly
protonated YGPAA pentapeptide, [YGPAA + HJ*, as an
example. This ion has been shown by previous IR-UV DR
studies to adopt two major conformations.'” These two
conformational families, with structures shown in Figure S3,
differ primarily in the cis vs trans geometry of the carboxylic
acid OH. These changes in structure also modulate the
strengths of the hydrogen bonds involving this group, leading
to conformation-specific shifts in the IR spectrum.'” The
conformer-specific IR-UV DR spectra for conformer B (cis)
and A (trans) are reproduced in Figures 6a and 6b,
respectively.

It is possible to record a nonconformer-specific spectrum
that resembles the composite of the two spectra shown in
Figure 6a,b. This is done by choice of an IR transition shared
by the two conformers as the fixed wavelength for the high-
fluence IR laser used in the fragmentation step.
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Figure 6. Conformer-specific IR-UV DR of [YGPAA + H]*
conformer B and A, (A) and (B), respectively. Conformer-specific
2C-IRMPD of [YGPAA + H]* conformer A (C). Non-conformer-
specific 2C-IRMPD of [YGPAA + H]* (D). 1C-IRMPD spectrum of
[YGPAA + H]" taken at 10 K.

For reference, the 1C-IRMPD spectrum taken at 10 K is
displayed in Figure Ge between 3200 and 3700 cm™.
Interestingly, in this region only two hydride stretch
fundamentals appear: the C10 NH stretch of conformer A at
3421 cm™ and the free Tyr OH possessed by both
conformations at 3650 cm™'. To record the composite
spectrum shown in Figure 6d, we use the 2C-IRMPD laser
scheme [A;p(tuned)I30 nsliyp(3645 cm™)]. In this case the
high-fluence laser was fixed at a slightly lower wavenumber
than the frequency of the shared tyrosine OH stretch, as this
band was revealed to broaden toward lower frequency in the
spectrum of the IR-excited ions. Fixing Ay just off resonance
from a shared band produces fragmentation from both
conformations which we monitor simultaneously. Red and
blue connecting lines are drawn from the conformer-specific
spectra of conformers B and A, respectively, to the 2C-IRMPD
composite spectrum in the region where the differences
between spectra are most obvious.

To record a conformer-specific IR spectrum with the 2C-
IRMPD technique, it is necessary to selectively monitor the
fragmentation of a single conformation by using Ayp. The
presence of the C10 band of conformer A in the 1C-IRMPD
spectrum provides a means for selective excitation of
Conformer A following its selective excitation with Az From
the IR excited 2C spectrum it was found that this C10 band
broadens on its high-frequency edge as conformer A is heated.
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By use of the 2C scheme [4,p(tuned)IS nsliyp(3426 cm™)], it
is possible to generate the conformer-specific spectrum of
conformer A displayed in Figure 6¢c. One important aspect of
recording this conformer-specific spectrum is that the time
delay between the lasers was shortened to 5 ns, the shortest
delay possible without temporally overlapping the laser pulses.

To our knowledge, this is the first single-conformer IR
spectrum obtained exclusively via an IRMPD approach without
any preselection step, such as ion mobility.”> The short time
delay between the two laser pulses was chosen so that
isomerization from B into A does not contribute significantly
to the spectrum of the IR-excited ion. The blue connecting
lines from the conformer specific IR-UV DR spectrum of
conformer A (Figure 6b) shows that the transitions that appear
in the conformer-specific 2C-IRMPD spectrum in Figure 6¢
are indeed from conformer A. The red connecting lines show
that there is a negligible contribution to the spectrum from
conformer B with a § ns delay. When this delay was increased
to 30 ns, there was a measurable contribution from conformer
B (Figure SSc), indicating that A — B isomerization occurs on
that time scale at the A;p laser fluence used.

In our studies of [YGGFL + H]*, we surmised that only the
bands that do not shift in frequency as a function of internal
energy will appear in the 1C-IRMPD spectrum. In the two-
conformer case of [YGPAA + H]" we see that only two bands
appear in the frequency range 3200—3700 cm™" starting from
10 K ions at the laser fluences used. The lack of bands unique
to conformer B ultimately limits the ability to record a
conformer-specific spectrum of conformer B with the 2C-
IRMPD technique. Figure S4e and S4f show the 1C-IRMPD
spectrum and 2C near-linear IRMPD spectrum of [YGPAA +
H]* starting from 300 K ions, respectively. These spectra
compared to the conformer specific spectra of conformer B
show that frequency shifts as a function of internal energy
ultimately prevent bands specific to conformer B from
appearing in the 1C spectrum at 10 and 300 K.

It is noteworthy that based on the 1C-IRMPD scan alone
with its missing transitions, it would not be possible to
recognize the presence of two conformers in this sample. The
intriguing differences between conformers A and B that enable
conformer-specific infrared spectra of A but not B motivate
future studies aimed at understanding the conformer-specific
dynamics that precedes fragmentation.

IV. CONCLUSIONS

The present work has established the versatile capabilities of
the dual OPO variant of 2C-IRMPD as a technique for
studying the infrared spectroscopy of large, conformationally
complex ions. We have demonstrated that linear-IR spectra can
be obtained at cryogenic temperatures, with all its accompany-
ing benefits of sharp spectra that can be used to make 3D
structural assignments. Under favorable conditions, it is
possible to record conformer-specific IR spectra. Because the
spectra can be generated entirely with IR light, ions of both
polarities that do not possess a UV chromophore (Figure S5)
can be studied without the need for a tag. Furthermore, the
ability to record undistorted IR spectra at variable trap
temperatures enables structural changes as a function of
temperature to be probed.

Finally, an intriguing aspect of the 2C-IRMPD method is its
potential for dynamical studies in which the fluence of the two
IR sources and the pump—probe time delay can be varied. In
the present work, we have shown the extreme example of a
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spectrum of [YGGFL + H]* following IR excitation with the
high-fluence laser, where the ion internal energy is several
times the threshold energy for fragmentation. This spectrum
shows evidence for substantial unfolding on the 30 ns time
scale, pointing the way for future studies in which a range of
peptide ion sizes, internal energies, and time delays are
explored to obtain snapshots of the ion as it unfolds in
response to increases in internal energy. The ability to tune
both IR lasers also provides the potential to perform these
experiments in a conformer-selective manner.
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