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Infrared Multiple Photon Dissociation Spectrum
of Protonated Bis(2-methoxyethyl) Ether

Obtained with a Tunable CO, Laser

M. U. Ehsan,” Y. Bozai," W. L Pearson, III,** N. A. Horenstein and J. R.
Eyler**

A moderate-resolution infrared multiple photon dissociation (IRMPD) spectrum of
protonated bis(2-methoxyethyl) ether (diglyme) was obtained using a grating-tuned CO,
laser. The experimental spectrum compares well with one calculated theoretically at the
MP2 level and exhibits defined peaks over the span of the CO, laser output lines as
opposed to a relatively featureless spectrum over this wavelength range obtained using
free electron laser infrared radiation. The lowest energy structure corresponding to the
calculated vibrational spectrum is consistent with structures previously calculated at the
same level of theory. Alternative structures were calculated at lower levels of theory for
comparison and investigation of the energetics of proton-heteroatom interactions.
Broadening of the IRMPD action spectrum due to energetic phenomena characteristic of
proton bridges was not observed and thus did not obscure the correlation between
theoretical calculations and experimentally determined spectra as it may have in previous

studies.

Introduction

The technique of infrared multiple photon dissociation
(IRMPD) has been used increasingly in recent years
(often in conjunction with theoretical calculations) to
determine unambiguously the structure of a wide
range of gaseous ions." In this approach an action
spectrum is obtained by monitoring dissociation of an
ion of interest as a function of the wavelength of the
(tunable) infrared laser used to induce IRMPD.  The
technique involves the slow, sequential absorption of
photons by trapped ions, which causes a gradual
increase in the internal energy of the ions until (in
most cases) the lowest energy dissociation threshold is
reached. The nature of the process has led to the
widespread use of the term “multiple” photon
dissociation, in contrast to the infrared “multi-photon”
experiments that have applied powerful pulsed lasers
to dissociate neutral species, often as a part of isotope
separation schemes.’

Tunable infrared laser sources used for IRMPD
spectroscopy experiments have included free electron
lasers (FELs),>* optical parametric
oscillators/amplifiers (OPO/As),*® and carbon dioxide
(CO,) lasers, most often grating-tuned.9'12 Tons under
study and their IRMPD products are most often
trapped and detected in Fourier transform ion
cyclotron resonance (FTICR) mass spectrometers®” *
1% or linear/quadrupole ion traps.*>!!2

Bis(2-methoxyethyl) ether (diglyme) is a
commonly used organic solvent. It was a convenient
molecule for study in early IRMPD experiments since
it is readily protonated via ion-molecule reactions with
its electron ionization-produced fragments”'' and has
a rich absorption spectrum in the mid-infrared due to
its numerous C-O-C stretching and bending vibrations.
Following very limited spectroscopic studies of
protonated diglyme involving a few output
wavelengths from a grating-tuned CO, laser,'™'" more
extensive mid-infrared spectra of that ion and related
proton-bound dimers of small ethers and water were
obtained using the Free Electron Laser for Infrared
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eXperiments (FELIX)."* Theoretical calculations of
low energy structures and infrared spectra of
protonated diglyme were also reported in Ref. 13.

The experimental spectrum for protonated diglyme
shown in Ref. 13 has quite broad peaks, with only a
shoulder and two poorly resolved peaks spanning the
entire output wavelength range of a tunable CO, laser
(9.20 — 10.70 pum / 930 — 1090 cm™). Our earlier
work'®"! had reported a relatively well-defined peak
in the 940 cm™' region for this ion. Broadening of the
spectral peaks in FEL experiments is seen due to the
wide bandwidth (~10 cm™ full-width at half maximum
(FWHM) in this wavenumber range) of the FEL
irradiation. By contrast the output lines of a grating-
tuned CO, laser, separated from each other by ~2 cm™,
have a bandwidth of < 0.01 cm”. Peak broadening
seen in the earlier FEL work could also have been due
in part to internal excitation of the protonated diglyme
ions imparted during their formation by exoergic ion-
molecule reactions with electron ionization-produced
fragments.  Electrospray ionization' (ESI) is a
potentially “gentler” means of forming the protonated
parent ions.

This paper reports a moderate resolution CO,
laser-generated IRMPD spectrum of protonated
diglyme, produced by electrospray ionization and
trapped in an FTICR mass spectrometer, over the
wavenumber range 930 — 1090 cm’. Reasonable
agreement is seen between the experimental spectrum
and one corresponding to the calculated lowest energy
structure of the ion for which the proton
asymmetrically bridges between the two methoxy
oxygens of the diglyme molecule.

Experimental and computational details
Reagents and materials

Diglyme was obtained from Sigma-Aldrich Co. and
Optima® LC/MS grade methanol, HPLC grade water,
and aldehyde-free sequencing grade formic acid were
obtained from Fisher Scientific. Diglyme samples
were prepared at a concentration of 0.002M in a
solution of 46.5:52.5:1% CH;0H:H,0:HCOOH. Due
to instability in electrospray current during initial
experiments with solutions of this concentration, the
0.002 M solutions were further diluted with 50:50%
CH;0H:H,O0 to a concentration of 0.0004 M.

Experimental set-up
Protonated diglyme solutions were ionized using a

commercial ESI source (Analytica of Branford;
Branford, CT). The apparatus was modified with a

conical capillary inlet maintained at a temperature of
150 °C."> Typical ESI conditions included an infusion
rate between 25 — 50 uL h™' and a spray voltage of
2750 V. A Bruker 47¢ FTICR mass spectrometer
(Bruker Daltonics; Billerica, MA) with a 47 T
superconducting magnet (Magnex Scientific Ltd.;
Abington, U.K.) and an Infinity Cell™ was used for
experimentation.'®  Protonated diglyme (m/z 135.1)
was mass isolated after formation by ESI, trapped in
the FTICR analyzer cell, and irradiated with a Lasy-
20G tunable continuous wave (cw) CO, laser (Access
Laser Co.; Marysville, WA) with a wavelength range
0f 9.20 — 10.70 um and a power range of 0 — 8 W.

Procedure

The CO, laser irradiation wavelength and power were
controlled with a LabVIEW-based (National
Instruments; Austin, TX) laboratory-written software
program'” that was interfaced to the relevant control
lines of the laser. This allowed convenient power
selection and switching of wavelengths between
experimental runs. Irradiation time was controlled by
a Uniblitz electronic shutter (Vincent Associates;
Rochester, NY). When the shutter was open, infrared
light was allowed to pass through a coated ZnSe
window on the opposite side of the vacuum chamber
from the ion transfer optics and into the Infinity
Cell™, Because no internal mirrors were used, the
ions were exposed to a single pass of infrared
radiation. When the shutter was closed the laser beam
was reflected from the polished shutter leaves onto a
power meter to monitor the CW laser power.

At each wavelength, 5 sets of scans, which
individually consisted of averaging 10 runs of 512 K
ion transient response signals, were collected and
averaged. As reported earlier,”''* the major IRMPD
fragment ion seen was at m/z 103.1 (nominal loss of
CH;0H from the protonated parent), with an ion at
m/z 59.1 occasionally seen for longer irradiation times
and/or higher laser powers. For each CO, laser
wavelength, a relative cross-section for dissociation
was calculated from the power-corrected natural
logarithm of the (P + F)/P ratio, where F corresponds
to the combined relative abundance of m/z 103.1 and
59.1 ions and P is the relative abundance of the
depleted protonated parent ion (m/z 135.1). The
IRMPD action spectrum was obtained by plotting
relative cross-section vs. laser wavenumber.

Reproducibility

Various portions of the spectrum shown in Fig. la
were obtained repeatedly over the course of four
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months. Although keeping the average total
abundance of ions within the cell and the measured
laser power constant have been reported as effective
means of ensuring reproducibility of the IRMPD
process,'® additional steps were taken in this work.

Irradiation power and irradiation time were
adjusted so that the abundance ratio of the primary
fragment ion (m/z 103.1) to the precursor ion (m/z
135.1) was 7:10 at an irradiation wavelength of 9.588
um. This was done both at the beginning of
experimentation for the day, and after the collection of
5 experimental scans (vide supra) for each wavelength
used on that particular day. Irradiation time was
modified slightly to maintain the 7:10 fragment:parent
ratio, compensating for slight shifts during the course
of the day in the ion cloud position, heating of cell
plates by stray IR radiation, and other phenomena that
affect the internal energy of the ions due to the ESI
formation and mass spectrometric trapping processes.

In addition, the 9.588 pm wavelength was used for
further normalization of the data due to its consistent
and reliable intensity. Relative IRMPD cross-section
values using this wavelength were collected each day
throughout this study, making it an even more
appropriate reference point for proper instrumental
functioning. A consistent relative IRMPD cross-
section value was observed, and any instrumental
fluctuations were corrected by normalizing the cross-
section values of 9.588 um to this preset quantity.
Thus, the 9.588 um cross-section value from any
given day was compared to this “standard” value, and
a correction factor was generated to compensate for
deviations in IRMPD fragmentation at this wavelength
resulting from factors mentioned above. Since the
instrumental and experimental fluctuations affected
data collected for all wavelengths that day, the
correction factor was applied to the cross-section
value generated for each wavelength used that day for
IRMPD experiments. A three-point running average
was then applied to the averaged, scaled cross-section
points for smoothing before the experimental IRMPD
action spectrum was plotted.

Theoretical calculations

Calculations of the lowest energy ion structures and
their corresponding harmonic vibrational frequencies
utilized the Gaussian 09 suite of programs.'® Initial
work used density functional theory (DFT) employing
Becke’s three-parameter exchange potential and the
Lee-Yang-Parr correlation functional (B3LYP) with a
6-311++G** basis set. The lowest energy structure
found with that approach was then further optimized
using second order Mgller-Plesset perturbation (MP2)

RSCPublishing

theory with a cc-pVDZ basis set, and a harmonic
approximation infrared spectrum was generated from
the calculated vibrational frequencies, applying the
recommended” frequency scaling factor of 0.953.

Results and discussion

The experimental IRMPD action spectrum is shown in
Fig. 1la, with the theoretically determined vibrational
spectrum given in Fig. 1b for comparison.
Wavenumber gaps in the IRMPD spectrum are seen
for two reasons. First, even though the tunable CO,
laser output wavelengths range from ~9.20 to 10.8 um,
output lines are actually produced in four distinct
regions (9.192 — 9.354 ym, 9.458 — 9.773 um, 10.115
— 10.365 pum, and 10.458 — 10.835 pum), due to the
rotational/vibrational transitions giving rise to the
lasing action. Second, some of the output lines at the
extremes of these regions did not have sufficient
power to dissociate the protonated diglyme in a
reproducible manner, so no data were collected for
those lines.
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Fig. 1 a) Experimental IRMPD spectrum of
protonated diglyme over the output range of a line-
tunable CO, laser, and b) theoretically calculated
(MP2 cc-pVDZ) harmonic vibrational spectrum for
the same wavenumber range. Calculated vibrational
frequencies were scaled by 0.953 and peaks were
convoluted with a 3 cm™ half-width Gaussian line
shape.

The experimental spectrum contains one strong
peak at ~1040 cm™!, what appear to be the shoulders of
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two other peaks in the 965 — 990 cm™ region, and
evidence for one or more peaks of low intensity in the
930 — 960 cm™' region. There is considerably more
detail seen in this (partial) spectrum than was reported
in the earlier'’> IRMPD spectrum produced by FELIX,
which had very broad features in the 930 — 1100 cm’!
range, presumably for reasons discussed in the
Introduction. The small peaks in the lowest
wavenumber region in Fig. 1a are at approximately the
same wavenumber but not identical in shape when
compared to those reported in Refs. 10 and 11.
However, different CO, lasers and mass spectrometers,
as well as electron ionization rather than ESI, were
used in the earlier work, which could result in small
shifts in the position and bandwidth of the IRMPD
spectral peaks.

There is reasonable agreement between the
experimental and theoretical spectra for the four peaks
at ~940, 960, 985, and 1040 cm™. The predicted
peaks at 1010 and 1060 cm™, as well as one at ~1095
cm’™" are unfortunately at positions for which there are
no CO, laser output lines. The lack of agreement in
intensities of the experimental vs. theoretical peaks is
commonly seen for IRMPD spectra, since single-
photon absorption spectra are calculated while
multiple photons are absorbed in the IRMPD process.

The calculated lowest energy  structure
corresponding to the theoretical vibrational spectrum
in Fig. 1b is shown in Fig. 2. The proton is predicted

Fig. 2 Calculated (MP2 cc-pVDZ) lowest energy
structure of protonated diglyme corresponding to the
vibrational spectrum in Fig. 1b).

to be located asymmetricaloly between the two
methoxy oxygen atoms (1.12 A from one and 1.31 A
from the other), with an O-H-O bond angle of 177°.

The distance between the proton and the central
oxygen atom of the diglyme molecule is calculated to
be 2.44 A. As would be expected, this structure is
virtually identical to the lowest energy structure
shown in Ref. 13, also calculated via MP2 (cc-pVDZ).

Alternative  theoretical structures and their
energetics have been investigated both previously and
in this study. Ref. 13 described calculation of the
energy of a structure in which the proton was
symmetrically located between the two methoxy
oxygen atoms and found it to be ~6 kcal mol™! higher
than that of the asymmetric structure. In the initial
stages of this study, we used DFT calculations to
compare the relative energies of the “bidentate”
structure shown in Fig. 2 with two “tridentate”
structures, one with C,, symmetry and one asymmetric,
in which the proton was more closely equidistant from
all three diglyme oxygen atoms. We thought it
possible that interaction of the proton with the lone
pairs on three oxygen atoms might be more
energetically favorable than interaction with lone pairs
on only the two methoxy oxygens. However, these
two structures were found to be respectively 6.3 and
7.7 keal mol™ higher in energy (zero-point corrected)
than the “bidentate” structure shown in Fig. 2.

In Ref. 13, IRMPD spectra were reported for
several gaseous ions where a proton was shared
between two oxygen atoms. It was suggested that in
the case of an intramolecular hydrogen bond or a
“proton bridge,” as in the case of protonated diglyme,
one would observe poor correlation between the ob-
served IRMPD spectrum and calculated theoretical
spectrum due to the anharmonicity of the double-well
potential energy surface (PES) inherent to a proton
bridge moiety. This point was further expanded in a
study of conjugate bases of amino acids, particularly
glutamate and aspartate.”! Qomens et al. showed quite
convincingly the effects of the anharmonicity and
vibrational mode coupling due to a shared proton for
the conjugate base isomers of benzenedicarboxylic
acid, phthalate and terephthalate. The presence of a
proton bridge resulted in spectral broadening and poor
agreement between experiment and theoretical
calculations. We speculate that the basicity of the
carboxylate groups could result in stronger, more
symmetric hydrogen bonded complexes relative to the
weaker basicity of the glyme ether oxygens. At the
present time we are unsure why similar broadening
was not seen in this study. An alternate interpretation
might be that the MP2 calculated barrier of ~6 kcal
mol ™! required to pass from one asymmetric structure,
through the symmetrically shared proton structure, to a
second asymmetric structure may be sufficiently high,
when coupled with low internal energy in the ion due
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to “gentle” ESI formation, that the ion can remain in
one configuration with a single-well potential. This
would lead to more well-defined spectral peaks and
better agreement with calculated harmonic vibrational
frequencies.

Conclusions

Over the limited grating-tuned CO, laser output range
the moderate-resolution IRMPD  spectrum of
protonated diglyme reported here is in quite
reasonable agreement with the theoretically calculated
vibrational spectrum. The experimental spectrum also
validates earlier'®!! results from our laboratories for
which a resolved peak was seen in the 940 cm’
wavenumber range and, more generally, demonstrates
that the IRMPD spectra obtained using a grating-tuned
CO, laser do not show broad, unresolved spectral
features, but rather defined spectral peaks.

The calculated lowest energy structure is virtually
identical to one reported earlier,'® obtained using the
same (MP2) level of theory. Investigation of other
possible structures, particularly the “tridentate” model,
revealed them to be higher in energy than the reported
asymmetric “bidentate” structure shown in Fig. 2.

This study allowed for comparison and further
analysis of the characteristic spectral broadening of
IRMPD data due to anharmonicity and vibrational
mode coupling in symmetric proton-bridged ion
structures. In contrast to earlier work'>?! we did not
observe spectral broadening and found good
correlation between the experimentally determined
IRMPD and theoretically determined vibrational
spectra. It is apparent that although the IRMPD
method is capable of providing detailed vibrational
spectra for complex ions, certain species characterized
by multiple structural conformations and extensive
vibrational mode coupling require more advanced

theoretical modeling to interpret the experimental data.
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