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Diagnostic NH and OH Vibrations for Oxazolone
and Diketopiperazine Structures: b2
from Protonated Triglycine
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Abstract
We present infrared multiple photon dissociation (IRMPD) spectra in the hydrogen stretching
region of the simplest b fragment, b2 from protonated triglycine, contrasted to that of protonated
cyclo(Gly-Gly). Both spectra confirm the presence of intense, diagnostic vibrations linked to the
site of proton attachment. Protonated cyclo(Gly-Gly) serves as a reference spectrum for the
diketopiperazine structure, showing a diagnostic O-H+ stretch of the protonated carbonyl group
at 3585 cm–1. Conversely, b2 from protonated triglycine exhibits a strong band at 3345 cm–1,
associated with the N-H stretching mode of the protonated oxazolone ring structure. Other
weaker N-H stretches can also be discerned, such as the amino NH2 and amide NH bands.
These results demonstrate the usefulness of the hydrogen stretching region, and hence
benchtop optical parametric oscillator/amplifier (OPO/A) set-ups, in making structural assign-
ments of product ions in collision-induced dissociation (CID) of peptides.
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Introduction

Infrared multiple photon dissociation (IRMPD) spectro-
scopy [1–3] is one of the most useful tools in elucidating

the chemistry of peptide dissociation in the gas phase by
virtue of chemically diagnostic vibrations that can be
identified [4]. One of the “textbook” examples of this
approach involves verifying the oxazolone structure of “b”
fragment ions [5, 6] formed from collision-induced dissoci-
ation (CID) of protonated peptides. A number of studies
have shown that such structures exhibit diagnostic oxazo-
lone C=O stretch bands that fall in the higher-frequency
region of the mid-IR spectrum (i.e., 1780–1950 cm–1) [7–

14]. Nonetheless, in other cases head-to-tail cyclic “b”
fragments were identified, so-called macrocycle structures,
based on an absence of oxazolone-specific bands [15],
and the presence of a proton bending mode at ~1440 cm–1

[8, 13, 14]. For the smallest b2 fragments, such cyclic
structures are known as diketopiperazine structures [16].
The majority of IRMPD spectroscopy studies on b2
fragments have so far identified oxazolone structures [9,
10, 13, 14]; however, for instance for histidine-containing
b2, a mixture of oxazolone and diketopiperazine structures
was confirmed [12].

All IRMPD spectroscopy studies described above have
been carried out at the free electron laser (FEL) facilities
FELIX in The Netherlands or CLIO in France [17, 18].
FELs are ideally suited to carry out IRMPD spectroscopy
measurements, as their light output is intense (i.e., 9MW),
relatively broad (i.e., full-width half-maximum=1% central
wavelength), and widely tunable (i.e., 50–2000 cm–1).
Moreover, the pulse structure of an FEL involves thousands
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of micropulses at a high repetition rate (i.e., GHz or
25 MHz, yielding 10–60 mJ per macropulse), which mirrors
the mechanism of multiple photon absorption [19, 20].

Benchtop optical parametric oscillator/amplifier (OPO/A)
set-ups generate radiation in the hydrogen stretching region
(2200–4000 cm–1) and have been employed in infrared
photodissociation spectroscopy of van der Waals-tagged
gas-phase complexes since the mid-1980s [21–26]. Only in
the past decade, further developments of OPOs allowed
IRMPD spectroscopy experiments on trapped ions in mass
spectrometers [27]. Most of these photodissociation experi-
ments have been carried out on relatively weakly-bound
complexes, such as metal- and/or water-tagged complexes
[28–36].

In contrast to FELs, the pulse structure of OPOs
presents challenges to efficient IRMPD of trapped ions.
Using a custom-built set-up in which the ions are
photodissociated in a reduced-pressure (~10–5 mbar)
quadrupole ion trap, we have recently shown that
covalently-bound molecules, such as protonated trypto-
phan can be abundantly photodissociated using a bench-
top continuous wave (cw) OPO [37], which produces
narrowband radiation (i.e., G0.1 cm–1).

Here, we apply this set-up to measure the IRMPD
spectrum of a b2 fragment, generated from protonated
triglycine, in the hydrogen stretching region. The frag-
mentation chemistry for this ion has been studied
extensively by others [38–41] and, hence, presents a
suitable reference system. Moreover, in a previous mid-IR
study using FELIX, it had been shown that this fragment
ion adopts an oxazolone structure protonated on the
oxazolone ring N [13]. It will be shown that a similar
distinction between oxazolone and diketopiperazine struc-
tures is possible in the hydrogen stretching region based
on diagnostic vibrations.

Experimental and Calculations
All experiments were performed using a tunable, continu-
ous-wave (cw) optical parametric oscillator/amplifier (OPO/
A) (LINOS Photonics OS4000, Munich, Germany) tethered
to a custom-built mass spectrometer described in detail
elsewhere [37, 42]. Briefly, this instrument is composed of a
commercial electrospray ionization (ESI) source (Analytica,
Branford, CT, USA) for generation of protonated peptides, a
quadrupole mass filter (Ardara Technologies LP, Ardara,
PA, USA) for mass selection of the precursor ion of interest,
a reduced-pressure (~10–5 mbar) quadrupole ion trap (QIT)
to irradiate the ions with focused laser irradiation, and a
time-of-flight drift (TOF) tube (Jordan TOF Products, Grass
Valley, CA, USA) for mass analysis of the remaining
precursor and photodissociation products. The focused beam
in the trap is equivalent to ~300 W/cm2, following focusing
of a ~25 mW cw idler beam to a beam waistG100 μm.

The peptide triglycine (Sigma Aldrich, St. Louis, MO,
USA) was ionized in the protonated form by ESI. This

peptide was subjected to collision-induced dissociation
(CID) via “nozzle-skimmer” fragmentation in the ion source
by adjusting the voltage drop between the exit voltage of the
metalized glass capillary and the skimmer. The b2 fragment
generated from protonated triglycine, b2-G3 (at m/z 115), was
mass-selectively stored in the quadrupole ion trap for laser
irradiation (2 or 3.5 s) with the tunable idler wavelength
output of the benchtop OPO. The abundances of precursor
vs. photofragment ions were obtained by integrating the TOF
mass spectral peaks with an in-house LabView (National
Instruments) software. The IRMPD yield, defined here as
yield ¼ � ln 1� � photofragmentsð Þ=� photofragmentsþð½
precursorÞ�, is then plotted as a function of laser frequency in
cm–1 to obtain the IRMPD spectrum. Note, that the IRMPD
yield was also normalized linearly with laser power. The
IRMPD spectrum of protonated cyclo(Gly-Gly) (m/z 115)
(Bachem, Torrance, CA), cyclo(Gly-Gly)H+, was obtained in
the same way as described above, without the need to generate a
fragment ion in the ESI source. For example mass spectra for b2-
G3 and cyclo(Gly-Gly)H+, see Figures S1 and S2 in the
Supporting Information.

Three distinct chemical structures had to be considered in
this study: oxazolone protonated on the oxazolone ring N
(oxazolone ox-prot), oxazolone protonated on the N-termi-
nus (oxazolone N-prot), and the diketopiperazine structure
protonated on a carbonyl O (diketopiperazine O-prot). The
computations for these structures had already been carried
out in a previous study by Chen et al. [13] and, hence, the
same geometries and spectra calculated at the B3LYP/6-31 g+
(d,p) level of theory are employed here. The energies are
reported on a relative scale as zero-point energy (ZPE)-
corrected energies. The harmonic spectra were scaled by a
constant scaling factor of 0.9648, as recommended by Merrick
et al. for this level of theory [43]. The stick spectra were
broadened by a Gaussian function (full-width at half-max-
imum=20 cm–1) to allow a more facile comparison to
experiment. Finally, the convoluted spectra were normalized
to integral band intensities in km mol−1 for more convenient
comparison of vibrational intensities.

Results and Discussion
IRMPD Spectroscopy Results

In the previous structural characterization of b2-G3 in the
mid-IR range, the IRMPD spectrum of cyclo(Gly-Gly)H+

served as a control experiment for the diketopiperazine
structure [13]. The IRMPD spectra of b2-G3 and cyclo
(Gly-Gly)H+ in the hydrogen stretching range, 3250–
3700 cm–1, are contrasted in Figure 1. Each spectrum
displays an intense, characteristic band, demonstrating
that both isomeric structures can in fact be easily
distinguished. For b2-G3, the band at 3345 cm–1 corre-
sponds to the N-H stretching mode of the protonated
oxazolone ring structure, whereas for cyclo(Gly-Gly)H+,
the band at 3585 cm–1 is assigned to the proton stretching
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mode of the diketopiperazine structure protonated on a
carbonyl O. Other weaker features, corresponding to other NH
stretching modes, can be discerned in both spectra (see insets).
All structurally diagnostic modes are indicated by color-coding,
and are summarized in Table 1. These will be discussed in more
detail below (see Comparison to Theory section). As a general
observation, one can see that photofragmentation of b2-G3 was
more facile than for cyclo(Gly-Gly)H+ under identical exper-
imental conditions. The maximum IRMPD yield for b2-G3
was 4 (corresponding to 98% depletion of the precursor ion),
compared to a maximum value of 1.2 for cyclo(Gly-Gly)H+

(corresponding to 70% depletion of the precursor ion). The
transition state for b2 (m/z 115) → a2 (m/z 87) had been
calculated by Paizs et al. to be a relatively low 26.2 kcal mol–1

for a one-step elimination process of CO [44]. This corresponds
to 99160 cm–1, and hence an absorption of at least three
photons in this frequency region. There were also some
differences in the photofragment products: irradiation of b2-
G3 resulted in appearance of an abundant photofragment atm/z
87 (i.e., a2) and some at m/z 59; irradiation of cyclo(Gly-

Gly)H+ gave rise to photodissociation product at m/z 87, as
well as some at m/z 70 (a2-NH3) (see Figures S1 and S2).

Comparison to Theory

A comparison of the experimental spectrum for b2-G3 to the
computed spectra for oxazolone ox-prot and oxazolone N-prot
is shown in Figure 2. It is concluded that the predicted
oxazolone ox-prot N-H stretch matches well with the strong
band at 3345 cm–1, and the weaker features at 3395 and
3450 cm–1, assigned to the symmetric and antisymmetric NH2

modes. Conversely, the predicted intense symmetric NH3
+

stretching band for oxazolone N-prot at ~2900 cm–1 is not
confirmed. Note that the higher-frequency NH3

+ modes would
be more difficult to exclude, as they overlap with oxazolone
ox-prot NH stretches. Another indication for the exclusive
presence of oxazolone ox-prot is the near-total photodepletion
of the parent ion (~98%) at the diagnostic band for this
structure (i.e., 3345 cm–1). These results confirm the previous

Figure 1. IRMPD spectra of (A) b2 from protonated triglycine, and (B) protonated cyclo(Gly-Gly). The insets show blow-ups of
weaker bands in the NH stretching region. The diagnostic modes are indicated by color-coding

Table 1. Summary of Centroid Band Positions and Spectral Assignments for IRMPD Spectra in Figure 1. The Unscaled Frequencies for Oxazolone Ox-prot
(Figure 2) and Diketopiperazine O-prot (Figure 3), Calculated at B3LYP/6-31 g+(d,p), As Well as Ideal Scaling Factors are Indicated

Band position/cm–1 Assignment Unscaled frequencies at B3LYP/6-31 g+(d,p)/cm–1 (ideal scaling factor)

b2-G3
3345 Protonated oxazolone N-H stretch 3485 (0.960)
3395 Symmetric NH2 stretch 3533 (0.961)
3450 Antisymmetric NH2 stretch 3612 (0.955)
cyclo(Gly-Gly)H+

3370 Amide N-H (closest to O-H+) 3509 (0.960)
3430 Amide N-H (furthest away from O-H+) 3583 (0.957)
3585 Protonated carbonyl O-H+ 3704 (0.968)
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mid-IR results, where exclusively oxazolone ox-prot structures
were proposed to be present [13]. In addition, the computed
thermochemistries also suggest an absence of oxazolone N-
prot at room temperature.

In Figure 3, the experimental IRMPD spectrum for cyclo
(Gly-Gly)H+ is compared with the computed spectra of the
lowest-energy diketopiperazine O-prot structures. The intense
O-H+ stretching mode at 3585 cm–1 and the amide N-H
stretches at 3370 and 3430 cm–1 are compatible with the
lowest-energy (i.e., 0 kJ mol–1) geometry. The weaker feature
at 3560 cm–1, red-shifted with respect to the main 3585 cm–1

band, is consistently reproduced. A tentative assignment is
made to the O-H+ stretch of the higher-energy (+7.1 kJ mol–1)
diketopiperazine O-prot, where the proton is turned towards the
amide NH group, as opposed to the CH2 group. This energy
gap should be thermally accessible at room temperature (within
the accuracy of the calculation), thus potentially rationalizing a
small population of the higher-energy conformation.

Experimental Band Intensities

As a general observation, the band intensities of the weaker NH
modes (i.e., NH2 and amide NH) are found to be much weaker

experimentally than predicted by theory (compared with the
stronger modes). Similar observations had been made before
for experimental studies involving this OPO set-up [36, 37,
42]. Since IRMPD necessitates the absorption of multiple
photons, the IRMPD yield is subject to non-linear processes.
Systematic studies on this set-up had shown that the IRMPD
yield was reasonably linear as a function of OPO power and
irradiation time, but only within particular kinetic windows
[42]. Below a certain OPO power (~8 mW), no photo-
dissociation was observed. For weaker modes, the correspond-
ing power threshold is higher. The weak CH stretching modes,
predicted around 3000 cm–1 in Figure 2, require a higher power
threshold than is achievable experimentally, and are thus not
observed. Given these differences in OPO power thresholds for
different vibrations, the IRMPD experiments often require
multiple irradiation lengths to visualize both stronger and
weaker modes in the same spectrum.

General Considerations for Diagnostic NH
and OH Band Positions

The use of a suitable scaling factor is a caveat in the
interpretation of IRMPD spectra. In Table 1, the ideal
scaling factors for each vibration are shown, based on
matching of the unscaled calculated frequencies to exper-
imentally derived IRMPD centroid band positions. It can be

Figure 2. IRMPD spectrum of b2-G3 compared to the
computed spectra of the lowest-energy conformers for (A)
oxazolone ox-prot (in red) and (B) oxazolone N-prot (in blue).
The intensities of the spectral region covering the NH2 bands
is expanded 20× to allow an easier comparison to the
computed spectra

Figure 3. IRMPD spectrum of cyclo(Gly-Gly)H+ compared
with the lowest-energy conformers for diketopiperazine O-prot
(A+B)
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seen that the scaling factor of 0.9648 is more suitable for the
O-H+ stretch than for the various NH stretches. As a result of
this scaling factor, the NH stretches are predicted at higher
frequencies than where they are observed. Some studies have
employed a single scaling factor for all vibrations (e.g., 0.952
byRizzo and coworkers [45], and 0.96 byMons and coworkers
[46]), depending on the level of theory that was chosen. Others
have employed variable scaling factors for NH and OH
vibrations (e.g., 0.956 for NH and 0.976 for OH by Snoek
and coworkers [47], and 0.959 for NH and 0.976 for OH by
Lisy and coworkers [48]). The use of different scaling factors
for NH and OH vibrations is often warranted, due to
differences in the anharmonicities for OH and NH modes,
which harmonic calculations do not account for. In some cases,
the use of different scaling factors is required, such as in the
case of protonated tryptophan, where both the indole NH and
carboxylic acid OH stretch were theoretically predicted at the
same frequency, but were experimentally resolved from one
another [37]. For the diagnostic modes reported here, the NH
stretching modes would benefit from a scaling factor of 0.959.
However, the O-H+ stretching mode would be ill-matched by a
scaling factor of 0.976. More experimental studies on other b
fragments will be required to establish a generally suitable
scaling factor for the O-H+ stretch.

Typically, OH stretches are measured at higher frequen-
cies than NH stretches, which is related to the higher O–H
bond strength. Nonetheless, hydrogen bonding can result in
significant red-shifting of bands, and hence the diagnostic
band positions reported here for glycine-based b2 are likely
to shift in other b fragments. In fact, for the macrocyclic (i.
e., cyclic peptide) O-H+ stretch frequency, large frequency
shifts are expected as a function of the b fragment size. If the
proton is located between two chemical binding sites, the
frequency of a proton-bound mode can vary from 3700 cm–1

(for ligands with large differences in proton affinity) all the
way down to G1000 cm–1 (for ligands with equivalent proton
affinities) [49]. The extremely low vibrational frequencies for
“shared” protons are due to a flat anharmonic potential, which
also manifests itself in broad vibrational features, as shown in
IRMPD studies on proton-bound dimers [50–52]. In terms of b
fragments, the IR frequency of a diagnostic O-H+ stretch, when
the proton is located on a backbone carbonyl O, is likely to shift
to lower frequencies for larger b fragments, as more carbonyl
binding sites are available. In fact, the broad band observed by
Chen et al. between 2500 and 2700 cm–1 for the glycine-based
b5-type fragment is consistent with some sharing of the proton
between two carbonyl oxygens in a macrocycle structure [13].

Conclusions
The IRMPD spectrum for b2 (generated from protonated
triglycine) has been compared with a reference spectrum for
protonated cyclo(Gly-Gly) to demonstrate that the hydrogen
stretching region is well suited to the structural distinction of
oxazolone and diketopiperazine structures. The structurally
diagnostic modes are related to proton-bound modes of the

protonated oxazolone ring N-H stretch (at 3345 cm–1) and
the diketopiperazine protonated carbonyl O-H+ stretch (at
3585 cm–1).

In contrast to previous IRMPD studies recorded at free
electron laser facilities, these spectra were acquired using a
benchtop optical parametric oscillator in combination with a
reduced-pressure quadrupole ion trap. The results show that
covalently-bound product ions made from collision-induced
dissociation (CID) can now be routinely and efficiently
photodissociated using a relatively weak continuous-wave
OPO. Given the many sequence variations that can be
considered in peptides, more systematic studies are required
to obtain insights into the overall trends in fragmentation
chemistry in tandem mass spectrometry. Due to the limitation
of beamtime at FEL facilities, it is expected that approaches
involving OPOs will be essential to address this challenge, in
order to make IRMPD spectroscopy available to the wider
mass spectrometry community.
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