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ABSTRACT: Gas-phase infrared multiple-photon dissocia-
tion (IRMPD) spectra are recorded for the protonated dye
molecules indigo and isoindigo by using a quadrupole ion trap
(QIT) mass spectrometer coupled to the free electron laser
for infrared experiments (FELIX). From their fingerprint IR
spectra (600—1800 cm™) and comparison with quantum-
chemical calculations at the density functional level of theory
(B3LYP/6-31++G(d,p)), we derive their structures. We focus
particularly on the question of whether trans-to-cis isomer-
ization occurs upon protonation and transfer to the gas phase.
The trans-configuration is energetically favored in the neutral forms of the dyes in solution and in the gas phase. Instead, the cis-
isomer is lower in energy for the protonated forms of both species, but indigo is also notorious for not undergoing double-bond
trans-to-cis isomerization, in contrast to many other conjugated systems. The IR spectra suggest that protoisomerization from
trans to cis indeed occurs for both dyes. To estimate the extent of isomerization, on-resonance kinetics are measured on
diagnostic and common vibrational frequencies to determine the ratio of cis-to-trans isomers. We find ratios of 65—70% cis and
30—35% trans for indigo versus 75—80% cis and 20—25% trans for isoindigo. Transition-state calculations for the isomerization
reactions have been carried out, which indeed suggest a lower barrier for protonated isoindigo, qualitatively explaining the more
efficient isomerization.
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B INTRODUCTION

Indigo (C,¢H;,N,0,) is a common pigment with a distinctive
blue color. Double-bond isomerization' of indigo and its
various derivatives is of the essence because of its potential use
as a molecular switch™ in the ongoing challenge to harness

derivatives were characterized experimentally in the condensed
phase.'>'* Studies of imine derivatives of indigo in strong acids
provide evidence for efficient trans-to-cis isomerization, but this
could not be established for indigo itself."* Theoretical studies
of protoisomerization of indigo and some of its imine

and exploit the well-defined mechanical properties of
molecular compounds and the design of small, molecular-
sized devices. Cis—trans isomerization around double bonds in
conjugated compounds can be triggered by heat, light, or
catalysts such as the addition of protons, transition metal ions,
Lewis acids, and so on. Especially light-induced trans—cis
photoisomerization of indigo and a variety of its derivatives has
been widely studied."*”' As general conclusion from these
studies, it was found that although many of the derivatives
undergo double-bond isomerization in the excited state, indigo
itself does not. The distinctive ingredients inhibiting photo-
isomerization in indigo have been suggested to be the NH:-
O=C hydrogen bonds in the trans isomer, efficient excited-
state proton transfer, and efficient nonradiative internal
conversion quenching the photoisomerization channel.”*”"!
Indigo’s resistance to photoisomerization is key to its
photostability as a pigment.'”

As an alternative to photoisomerization, protoisomerization
of indigo, i.e., trans-to-cis isomerization induced by proto-
nation, has also been addressed. Indigo and its various
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derivatives considering both the gas-phase and solution
conditions indeed predict lower activation energies for the
imine derivatives."’

Here we address the question of whether and to what extent
isomerization to the cis-configuration occurs for protonated
indigo, as well as of isoindigo (Scheme 1), when fully isolated
in the gas phase of a mass spectrometer. As neutral species,
indigo and isoindigo are characterized by a trans-configuration
ground state, where the carbonyl groups on the two subunits
are antiparallel to each other. Two NH--O=C hydrogen
bonds stabilize the trans-configuration of the indigo molecule
with respect to the cis-isomer. The absence of H-bonds in
isoindigo brings cis- and trans-configurations closer in energy,
although the trans-configuration is still lower in energy (vide

infra).
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Scheme 1. Schematic Showing Neutral (a) trans-Indigo and
(b) Isoindigo”

6]
a) indigo 2
01=02

(1 \

(o]
<10

|

H

0
H\
N
b) isoindigo
01=02

NV

y-lactam portion

~NO,

“Isoindigo is a structural isomer of indigo and has a S-membered
cyclic amide (y-lactam) arrangement. Oxygen atoms are identical (O1
= 02) in both isomers. DFT optimized structures are also shown with
important bond distances (in A) indicated.

Of the possible protonation sites (NH nitrogen and C=0
oxygen atoms), the oxygen atom is preferred, and it is noted
that in indigo as well as in isoindigo both carbonyl oxygens are
symmetrically identical. Upon protonation on one of the
oxygen atoms, the charge is delocalized over the conjugated
system as suggested by the resonance structures shown in
Scheme 2. The reduced double-bond character of the central
C=C bond suggested by the resonance structures indicates
that trans-to-cis isomerization may become more facile. In the
cis-configuration, O-protonated indigo can form a proton
bridge between the two carbonyl O atoms, providing
additional stability to the cis-isomer. On the other hand, the
trans-configuration is destabilized upon protonation due to the
partial positive charge on the protonated carbonyl O atom,
reducing the NH---O=C hydrogen bond strength. Computa-
tional investigations have indicated that in its protonated form
cis-indigo is indeed lower in energy than trans-indigo, although
the barrier to isomerization remains substantial (125 kJ
mol™1)."

We investigate the molecular structures of the gaseous
protonated dyes using infrared multiple-photon dissociation
(IRMPD) spectroscopym_18 in an ion-trap mass spectrometer
coupled to the beamline of our infrared free electron laser
FELIX. Gas-phase IR spectra are employed for structural
identification by comparison with harmonic frequency
calculations at the density functional theory (DFT) level. In
addition, we employ wavelength selective IRMPD kinetics to
estimate the relative cis- and trans-isomer abundances.

B EXPERIMENTAL SECTION

IRMPD Spectroscopy. Protonated (iso)indigo ions are
generated by electrospray ionization (ESI) and stored in a

modified 3D quadrupole ion trap (QIT) mass spectrometer
(Bruker, AmaZon Speed ETD, Bremen, Germany).19 Solutions
containing 1:1 MeOH:H,O and about 1.0 uM of one of the
dye molecules and about 0.1% of formic acid (to enhance
protonation) are used for ESL Ions are mass-isolated in the
trap and irradiated with two pulses of tunable infrared
radiation generated by the FELIX free electron laser (FEL)
source.'® In these experiments, the FEL typically produces
radiation in the form of 6 ps long macropulses at a 10 Hz
repetition rate, which have ~100 mJ] of energy and a
bandwidth of about 0.4% of the central frequency. Every
macropulse consists of a series of micropulses of a few
picoseconds, separated by a 1 ns time interval. Upon resonance
of the FEL frequency with a vibrational transition of the stored
ion, absorption of multiple photons occurs, aided by
intramolecular vibrational redistribution (IVR),*” which raises
the ion’s internal energy and eventually results in unimolecular
dissociation. IR-frequency-dependent fragment and precursor
ion intensities are monitored in the QIT-MS. The mass
spectral data are then converted into an IR spectrum of the
precursor ion by plotting the dissociation yield”'™** as a
function of the FEL frequency:

z 1ntenslt}?ragments

Z lntenﬁt}%ragments + lntensn:yprecursor

yield = —In|1 —

Each data point in the IRMPD spectrum is obtained from six
averaged mass spectra. The yield is linearly corrected for
frequency-dependent variations in FEL pulse energy. The FEL
frequency is tuned with a 3 cm™ step size reconstructing the
fingerprint IR spectra from 700 to 1800 cm™'. The FEL
wavelength is calibrated by using a grating spectrometer.

In addition, isomer selective on-resonance IRMPD ki-
netics”*° are measured to estimate the relative abundance
of isomers in the ion population, which eventually yields the
extent of protoisomerization. This method is described in
detail in ref 25. The intensity of the precursor ion (protonated
indigo or isoindigo) is measured as a function of the number of
FEL pulses at selected IR frequencies. At an IR frequency
where both trans- and cis-isomers absorb, all precursor ions
should be dissociated if irradiated sufficiently long. As a result
of a nonperfect overlap of the laser focus with the ion cloud, a
small fraction of precursor ions survive even after 60 laser
pulses (2% in the current experiments; see below). In contrast,
irradiation at isomer-specific frequencies selectively depletes
only the cis or trans isomeric ions. The decay of the ion
intensity as a function of the number of laser pulses provides
information about the relative abundance of isomers in the ion
population.

Theoretical Modeling. For all calculations, the BALYP/6-
31++G(d,p) level of theory™’ ™" is chosen to optimize the

Scheme 2. Protonation on One of the Two Identical Oxygen Atoms in Indigo Allows for Mesomeric Structures Having a Single
Bond Connecting the Two Subunits, Suggesting More Facile Trans-to-Cis Isomerization of the Protonated Species (Similar

Resonance Structures Can Be Drawn for Isoindigo)
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geometry and to compute the harmonic frequencies employing
Gaussian 09, revision D 01.° To compare the computed
(linear) IR spectra with IRMPD spectra, the calculated
harmonic frequencies are scaled by a factor of 0.975, which
is considered to be appropriate at this level of theory, to
compensate for anharmonicity and basis set incomplete-
ness.””*> Computed IR spectra are convoluted with a 15
cm™ full width at half-maximum (fwhm) Gaussian line shape
function. The relative Gibbs free energies of the isomers are
also considered for comparison. Transition-state (TS) geo-
metries for the trans-to-cis isomerization are computed by
using the opt=TS keyword and a single negative frequency is
confirmed, corresponding to the torsional motion around the
central CC bond of the molecule (vide infra).

B RESULTS AND DISCUSSION

Resonance Structures of Protonated Indigo and
Isoindigo. Before analyzing the IRMPD spectrum, we first
consider the consequences of protonation for the resonance
structures in indigo and isoindigo, which can be considered as
a,f-unsaturated carbonyl compounds. In particular, the
carbonyl moieties are conjugated with the C=C bond
connecting the two subunits of the dye. Scheme 2 shows
that protonation at one of the (identical) carbonyl groups
allows one to draw mesomeric structures having a single bond
connecting the two subunits, which suggests not only that the
charge is well delocalized over the entire molecule but also that
the partial single-bond character may enhance trans-to-cis
isomerization of the system. The calculations confirm the
partial single-bond character of the central CC linkage by a
lengthening of this bond of 0.01—0.02 A as compared to the
neutral molecule. Neutral trans-indigo is stabilized by 68 kJ
mol™" due to two N—H-+O=C hydrogen bonds with respect
to the cis isomer. In the protonated form, cis-indigo is stabilized
by a shared-proton hydrogen bonding structure (O—H*---O).
The absence of strong H-bonds in neutral isoindigo brings cis-
and trans-configurations closer in energy, with trans being
stabilized by 31 kJ mol™".

For both indigo and isoindigo, protonation at one of the
carbonyl oxygen atoms is expected to significantly affect the
carbonyl stretching frequencies. For our IR spectroscopic
investigation, the position of the C=O0 stretch frequency is
therefore of special interest as it is expected to be a sensitive
probe of the cis/trans structure of the system. If both trans and
cis protonated dyes are present, we expect to observe two
distinct C==0 stretch frequencies.

Finally, we note that the N-protonated forms of indigo and
isoindigo are computed to be +54 and +118 k] mol ™" higher in
energy than the O-protonated forms, respectively, and that
their predicted IR spectra do not match with experiment (see
the Supporting Information, Figure S1); we shall therefore not
further consider these alternative protomers.

Protonated Indigo. Figure 1 shows the IRMPD spectrum
of protonated indigo (1/z 263) from 600 to 1850 cm™". It has
been recorded by monitoring IR-induced fragments at m/z
262, 245, 235, 219, 217, 206, and 190 (Figure S2), which is
consistent with observed dissociation channels in collision-
induced dissociation (CID) mass spectra of protonated
indigo.””** The dominant experimental IR bands are labeled
with their IR frequency for assignment (Figure 1a). Computed
linear-IR absorption spectra for cis- (Figure 1b) and trans-
isomers (Figure 1c) of protonated indigo are also shown. A
quick comparison of the computed and measured spectra
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Figure 1. (a) Gas-phase IRMPD spectrum of protonated indigo
(magenta trace) with band centers for the main experimental bands
indicated. The experimental spectrum is compared with computed
spectra for (b) the cis- and (c) trans-isomer. The gray trace in (a)
represents the aggregate spectrum of cis- and trans-isomers assuming
fractional populations as suggested by the kinetic measurements
described in the text. Computed intensities in km mol™" refer to the
stick spectra. The optimized structures along with their relative Gibbs
energies are shown. Atomic distances shown are in A.

shows that (i) in the 600—1550 cm™" range the cis and trans
spectra match roughly equally well to the experimental
spectrum and (ii) the most striking differences are in the
1550—1800 cm™" range. In the experimental spectrum, a low-
intensity band is observed centered at 1725 cm™, which is
attributed to stretching of the unprotonated C=O group that
is hydrogen bonded with the neighboring N—H group in the
trans-isomer. Theory predicts this band with relatively low
intensity at 1733 cm™ in the spectrum of protonated trans-
indigo. The observation of this band, though weak, suggests
the presence of protonated indigo in its trans isomeric form.
DFT predicts a similar C=0 stretch band at 1675 cm™ for
the cis-isomer, but experimentally this band is not well
resolved. The dominant experimental band is centered at
1604 cm™!, which clearly matches mostly with the cis-isomer
due to a set of delocalized vibrations of CC stretching and
OH*--O in-plane bending character. In addition, the
theoretical bands of the cis-isomer at 1517 and 1527 cm™
are attributed to C=O stretching of the protonated carbonyl
and a ring vibration involving the 5- and 6-membered rings,
which is coupled to the OH in-plane bending vibration; the
computations match with the experimental band at 1519 cm™.
The experimental band at 1468 cm™ is due to 6-membered-
ring vibrations along with OH in-plane bending modes of the
cis-isomer, which is predicted at 1459 cm™!, while the trans-
isomer has a band at 1462 cm™" due to a 6-membered-ring
vibration alone. The strong experimental band at 1315 cm™'
also matches with a predicted band for the cis-isomer having
mainly ring vibration character combined with CH and NH in-
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plane bending. Similar vibrations are present in the trans-
isomer, but their intensities are not as high. The shoulder at
1370 cm™ appears to have dominant contributions from the
trans-isomer predicted at 1378 and 1385 cm™" and attributed
to ring vibrations coupled with NH and CH in-plane bending.
The band at 1250 cm™ also has more contribution from the
trans-isomer showing predicted bands at 1239 and 1251 cm™".
Moreover, the predicted band for the cis-isomer at 1181 cm™
due to a 6-membered ring vibration matches with the
experiment at 1175 cm™'. The trans-isomer contributes with
bands at 1181 and 1173 cm™". The last dominant experimental
band at 1100 cm™' appears to represent contributions from
both cis- (1109 cm™) and trans-isomers (1110 cm™'),
involving 6-membered-ring vibrations combined with CH in-
plane bending. The predicted band at 1060 cm™" for the cis-
isomer due to a S-membered-ring vibration coupled to NH in-
plane bending matches the experimental band at 1060 cm™,
while the trans-isomer has a similar band at 1043 cm™ that
also matches the experiment at 1046 cm™.

Apart from these dominant bands, there are relatively low-
intensity experimental bands toward the low-frequency region
of the IR spectrum. For instance, the OH in-plane bending
mode at 1015 cm™' for the cis-isomer is experimentally
confirmed by the shoulder at 1000 cm™". There is no obvious
contribution from the trans-isomer to this band. The cis- and
trans-isomers contribute roughly equally to the experimental
band at 877 cm™! due to computed intensities at 884 and 865
cm™!, respectively, with both bands being attributed to in-
plane ring vibrations. The low-frequency experimental band at
745 cm™' is the typical CH out-of-plane bending mode
predicted at 752 cm™' for the cis-isomer and at 746 cm™" for
the trans-isomer.

From this analysis of the spectrum, we conclude that both
cis- and trans-species are present in the ion population and
therefore that protoisomerization occurs in part for the ion
population. From the kinetic analysis below (involving the
1725 cm™" band diagnostic for the trans-isomer and the 1604
cm ™! band attributed to both isomers), we estimate a 65—70%
cis plus 30—35% trans mixture. Combining the two predicted
spectra in this ratio gives the gray trace in Figure la. The
calculations show a H-bond distance in the cis-isomer of 1.48 A
(C=0--H*—0=C) indicative of a strong H-bond. The C=
C distance (1.38 A) is increased slightly by 0.015 A as
compared to neutral (trans) indigo. The increment of the C=
C distance for the trans-isomer upon protonation is 0.02 A.

Protonated lIsoindigo. Figure 2 shows the IRMPD
spectrum of protonated isoindigo (m/z 263), which has been
recorded by monitoring the fragments at m/z 245, 235, 219,
217, and 190 (see Figure S2). Theoretical IR spectra of the cis-
and trans-isomers are again overlaid with experiment in panels
b and c for comparison. The two highest frequency IR bands in
the observed spectrum at 1745 and 1686 cm™ are assigned as
the carbonyl C=0 stretch bands of the trans- and cis-isomers,
respectively. Hence, we conclude immediately that the IRMPD
spectrum suggests again the coexistence of the two isomers.
The experimental C=O stretch band for the cis-isomer
appears broadened, possibly due to the strong hydrogen bond
of the added proton with the unprotonated carbonyl group,
forming a shared proton motif (O—H"-0).”*7*® DET
calculations predict the carbonyl stretch bands in both isomers
to be separated by 65 cm™, close to the observed splitting.
Absolute band positions are calculated at 1765 and 1700 cm ™"
for trans and cis, respectively, showing a slight systematic shift.
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Figure 2. (a) Experimental IRMPD spectrum of protonated isoindigo
(magenta trace). (b) Overlay of the experimental spectrum with the
calculated IR spectrum for the cis-isomer and (c) with that of the
trans-isomer. The gray trace in (a) represents a composite computed
spectrum with 77% cis and 23% trans, as suggested by the kinetic
measurements described in the text. Optimized structures along with
the relative Gibbs energies are shown as well as some relevant atomic
distances (in A).

In contrast to protonated indigo, the band for the cis-isomer is
well resolved. The trans-isomer of protonated isoindigo is
computed to lie 75 kJ mol™" higher in energy than the cis-
isomer so that the presence of any trans-isomers must be due
to kinetic trapping and a reasonable barrier between the two
isomers. IRMPD kinetics experiments (vide infra) suggest that
the trans-isomer contributes 20—25% to the ion population,
where the other 75—80% is cis. Thus, isomerization from trans
to cis indeed occurs upon protonation for the majority of the
isoindigo molecules as evidenced by IRMPD spectroscopy.
Upon analysis of the experimental spectrum in detail, the
band centered at 1596 cm™" with a red shoulder at 1555 cm™
is due to three dominant bands of both cis- and trans-isomers
as predicted by theory. The band centered at 1596 cm™ is
mostly due to the cis-isomer, in particular, attributed to the
hydrogen-bonded OH in-plane-bending mode. The dominant
band predicted for trans at 1529 cm™" is the C=C stretch of
the central CC bond; it is predicted at 1556 cm™! for cis.
The experimental band at 1465 cm™ is broadened and
perhaps due to an overlap of bands at 1487 and 1419 cm™
predicted for the cis-isomer and a band predicted at 1444 cm™'
for the trans-isomer. These bands have mainly ring stretching
and in-plane CH bending character. The experimental bands at
1376 and 1330 cm™' form the dominant feature in the
experimental spectrum, but they are not well reproduced by
the computed spectrum for the cis-isomer, which we believe to
be dominant in the ion population. In part, this band may be
due to the trans-isomer which has predicted bands at 1362,
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Figure 3. (a) Photofragmentation decay of mass-isolated protonated isoindigo as a function of the number of IR FEL pulses at fixed frequencies
diagnostic for the trans-isomer (1745 cm™, @) and for the cis-isomer (1686 cm™', %, ¥ replicate data). Data points indicated with [> were taken
with the laser set at 763 cm™, where both isomers absorb leading to complete depletion of the precursor ion population. (b) Results of similar
experiments for protonated indigo, performed at frequencies resonant with trans (1725 cm™', @, O: replicate), and with both cis + trans (1604
cm™’, %, ¥ replicate, and 745 cm™', [>). Each data point is obtained from 10 averaged mass spectra. Solid curves are single-exponential decay fits
to a limited range of the experimental data points, except for trans-isoindigo where all data points are included.

1339, and 1295 cm™ having ring vibration character along
with CH in-plane bending. However, the main contribution
may be due to the 1419 cm™" predicted band in the cis-isomer;
this band is due to the O—H stretch vibration of the shared-
proton (OH*--O), which we suspect to behave particularly
anharmonically due to the small OO distance of 2.40 A in
protonated cis-isoindigo. The larger OO distance in protonated
cis-indigo of 2.50 A reduces the anharmonic behavior of this
band, placing it closer to 1600 cm™" and giving a better match
with the harmonic calculations. Weaker bands predicted near
1377 and 1342 cm™' may give further contributions to this
strong feature.

Experimental features at 1230, 1171, and 1100 cm™" are not
accurately reproduced but are assumed to be due to the
overlap of a large number of weaker bands predicted in this
range for both cis- and trans-isomers. They have largely in-
plane ring deformation and in-plane CH, NH, and OH
bending character. The experimental band 1041 cm™" is a well-
resolved band which appears to be mainly due to the cis-
isomer, which features a predicted band at 1038 cm™" with ring
vibration character. The observed spectrum below 1000 cm™"
matches particularly well with that predicted for the cis-isomer,
further confirming its dominant contribution to the ion
population. The band observed at 850 cm™ is attributed to
a ring-breathing vibration of the cis-isomer, and the intense
band at 763 cm™" is in good agreement with the typical CH
out-of-plane bending mode predicted at 758 cm™ for cis (755
cm™ for trans). The minor population of trans-isoindigo is
evidenced by a weak feature at 933 cm™" which according to
the calculations is exclusively due to the trans-isomer. Overall,
the spectrum in this range is well reproduced by the composite
spectrum of 77% cis and 23% trans protonated isoindigo.

The H-bond distance in the cis-isomer is about 1.32 A (C=
0O-+-H"—0=C) while both O atoms are 2.40 A apart, much
shorter than in DNA base pairs,”” indicative of a strong H-
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bond.**~** The central C=C bond length is 1.39 A in the cis-
isomer, which is similar to the bond length in the trans-isomer
but 0.01 A larger than the neutral.

Determination of Relative lon Populations by Wave-
length-Selective IR-Induced Dissociation Kinetics.
IRMPD kinetics are used to probe the relative populations
of the cis- and trans-isomers. First, a kinetic measurement on an
IR frequency where both cis and trans absorb has been
performed to determine the extent of overlap between the laser
beam and the ion cloud in the ion trap. The CH out-of-plane
bending modes near 750 cm™' were selected for this
experiment (see overlap at this frequency for cis- and trans-
isomers in Figures 1 and 2). Figure 3 shows that for both
indigo and isoindigo the precursor ion intensities level off after
20 pulses, leaving about 2% of the ions undissociated in the
trap. A similar result is obtained for indigo exciting the ions at
the most intense band at 1604 cm™".

Next, kinetic measurements are performed at IR frequencies
which exclusively probe the cis- or trans-isomer of each of the
molecules, using the C=O stretch bands. For isoindigo,
kinetic measurements at 1745 cm™}, probing trans, and at 1686
cm™!, probing cis, are displayed in Figure 3. After irradiation
with 40 pulses a steady state appears to be reached, suggesting
that about 15% of the ions are trans and 85% cis (taking into
account that 2% of the ions cannot be dissociated at all).
However, the curve for cis shows a plateau around 10 pulses,
indicative of a double-exponential decay likely due to another
species dissociating at a slower rate upon irradiation at 1686
cm™,

In Figure 3, the normalized precursor ion intensity on the y-
axis is defined as the precursor intensity divided by the sum of
fragment and precursor intensities. All fragment ions identified
as belonging to isoindigo (see Figure S2) are included. Plotting
the precursor intensity without normalization gives the same
curves, albeit more noisy, with the plateau clearly visible. This
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suggest that the unknown species shares some or all of the
same fragment ions. The unknown species appears not to be
present in the isoindigo sample as was verified with HPLC
measurements.

In a control experiment, ESI of pure 1:1 MeOH:H,O
solvent (without isoindigo) and about 0.1% of formic acid
shows that a background ion at m/z 263, the mass of isoindigo,
is present in our mass spectrometers. The ion intensity is 50—
100 times lower than that of isoindigo. We have recorded the
IRMPD spectrum of this background ion (shown in Figure
S3). The dominant fragment ion is m/z 23S, the same as for
isoindigo. The spectrum consists of a broad structured band
between 650 and 1300 cm™’, and some weak bands between
1300 and 1720 cm™". Note that our measurements have been
repeated over a period of 10 months on two mass
spectrometers; the origin of this contamination is currently
unknown.

The presence of this background ion can explain the
observed curves for isoindigo (Figure 3a). At 763 cm™’, all
ions, cis- and trans-indigo, and the background ions, absorb the
IR radiation, and within 5—10 laser pulses all ions are
dissociated. The background ion does not absorb at 1745
cm™, the frequency diagnostic for trans-isoindigo, indicating
that about 15% of the total ion population is trans-isoindigo.
Note that after about two pulses 50% of the trans-isomers have
dissociated. At the diagnostic cis-isoindigo frequency (1686
cm™), the background ion has a weak overlapping absorption
band. The observed dissociation yield shows that <3% of the
background ions dissociate per IR laser pulse at this frequency.
The steep decay of the kinetics curve recorded at 1686 cm™
(Figure 3a) can then be attributed almost exclusively to cis-
isoindigo. This suggest the presence of about 65—70% cis-
isoindigo in the ion population, of which 50% have dissociated
after 1—2 pulses (as for the trans-isomer). About 20% of the
ion population can be attributed to the background ions, which
dissociate at a much slower rate, explaining the plateau in the
kinetics plot.

These results indicate that about 20—25% of the protonated
isoindigo population are in the trans-configuration and 75—
80% are cis. In the top panel of Figure 2, the experimental IR
spectrum is compared to a composite calculated spectrum
based on this cis/trans ratio in the ion population. Note that
although 20% of the total ion population is due to the
contaminant ions, they have a negligible contribution to the
experimental IRMPD spectrum, which was recorded with two
pulses of irradiation, thus nearly avoiding any dissociation of
the contaminant ions.

For protonated indigo, the experimental situation is different
since only the trans-isomer has a well-resolved carbonyl band
at 1725 cm™" (see Figure 1). The kinetics plot recorded at this
frequency suggests that about 40% of the ion population is
present as trans-indigo. However, the contaminant background
ions show a low, but non-negligible, IRMPD intensity (see
Figure S3), and they are responsible for the barely visible
plateau around 10 laser pulses in the kinetics plot. The plateau
suggests that about 20% of the ions are protonated trans-indigo
and 20% of the ions are contaminant ions. The kinetics plots
recorded at 745 and 1604 cm™" have contributions from both
trans- and cis-indigo and the contaminant ions and cannot be
used to estimate the fractional cis-indigo population. Therefore,
we tentatively attribute the remaining 60% of the ion
population to cis-indigo. These results indicate that for
protonated indigo about 30—35% are in the trans configuration
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and 65—70% are cis. Again, the contaminant ion does not
contribute significantly to the IRMPD spectrum of Figure 1,
since only a minute fraction undergoes dissociation upon
irradiation with two laser pulses.

Transition-State Calculations. Figure 4 shows the results
of transition-state (TS) calculations for trans-to-cis isomer-
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Figure 4. Computed TS barriers for trans-to-cis isomerization and
optimized TS geometries of protonated isoindigo (a) and indigo (b).
Values given for the TS barriers are in k] mol™ relative to the trans-
form of the protonated molecules. For the protonated systems, unlike
for the neutral molecules, cis is the minimum-energy isomer. Although
both cis-isomers are positioned at the same energy in the plot,
protonated cis-isoindigo is 46.3 kJ mol™" more stable than protonated
cis-indigo as a consequence of the stronger shared-proton interaction
induced by the smaller OO distance (see structures in Figures 1 and
2).

ization for protonated indigo and isoindigo. A singlet
electronic state is considered at the TS, and the C=C bond
rotation barrier represents the rate-limiting step; rotation of
the OH group is disregarded here. Extensive TS calculations
on indigo and some of its derivatives have been reported
previously,"> and our theoretical method reproduces these TS
geometries. The barrier to rotation about the central C=C
bond is estimated to be 141 kJ mol™ for protonated trans-
indigo in the gas phase, while the reported value in solution is
125 kJ mol ™"

From a thermochemical viewpoint, trans-to-cis protoisome-
rization can be well-understood from the fact that the energetic
ordering of trans- and cis-isomers inverts upon protonation (for
both indigo and isoindigo). In their neutral forms, trans-indigo
is higher in energy (+22 kJ mol™') than trans-isoindigo
(Scheme 1).

The relative H-bond stabilization of cis- and trans-isomers is
altered after protonation, destabilizing the trans-isomer of both
systems. Protonated trans-isoindigo destabilizes more, and the
geometry also distorts to become nonplanar, whereas indigo
retains its planar geometry. In protonated trans-indigo, the H-
bond between the nonprotonated C=O and N—H shortens
by 0.08 A, whereas the other H-bond increases by 0.06 A. On
the other hand, in protonated trans-isoindigo, both H-bonds
are increased significantly (by 0.22 A for the nonprotonated
C=O0 and C—H and 0.32 A for the protonated C=0 and C—
H) as a consequence of the nonplanar structure (Figure 2).
The relatively weak H-bonds and nonplanar geometry result in
a significant destabilization but simultaneously in a relatively
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low trans-to-cis TS barrier of +92 k] mol™". On the other hand,
destabilization of protonated indigo is limited, and the barrier
for trans-to-cis isomerization is significantly higher (+141 kJ
mol™}).

In addition, the lone-pair electrons on both nitrogen atoms
in indigo may participate in conjugation (delocalization),
reinforcing the central C=C bond and hence the planar
structure. In isoindigo, this effect is smaller because the
nitrogen atoms are further away from the central C=C bond.
In this respect, it is also interesting to note that in the y-lactam
arrangement of isoindigo (Scheme 1) the nitrogen lone-pair
electrons can participate in resonance with the C=0O group,
shifting the C==0 stretch frequency to higher frequencies than
in indigo (1745 cm™ in protonated isoindigo versus 1725
cm™ in protonated indigo).

The computed TS geometry of isoindigo has a nearly
perpendicular arrangement with a C—C=C~—C dihedral angle
of 88°; in protonated indigo, the dihedral angle at the TS is
about 82°. Despite the high TS barrier, indigo is clearly
observed to undergo protoisomerization in our experiments.
The conversion from trans to cis involves the breaking of
existing H-bonds upon rotation around the central C=C bond
as well as rotation of the —O—H group in the required
direction to make a new H-bond with the other carbonyl."”
The rate-limiting step is the rotation about the central CC
bond, which relies on its reduced double-bond character upon
protonation (Scheme 2). Experimentally, we clearly observe
protonation-induced double-bond isomerization in both indigo
and isoindigo. Moreover, our isomer population analysis
indicates that conversion to the cis-isomer is more efficient
for isoindigo than for indigo, which is qualitatively
corroborated by the difference in computed TS energies for
the two systems.

B CONCLUSION

IRMPD spectra of protonated indigo and isoindigo have been
measured by using a quadrupole ion trap mass spectrometer
coupled to the tunable infrared free electron laser source
FELIX. Comparisons of the experimental spectra with DFT
computations led to the identification of two coexisting
isomers for both dyes: cis being the minimum-energy isomer
and trans being the ground state in the neutral molecule. As
the starting sample material has the neutral molecule in the
trans-form, protoisomerization from trans to cis is confirmed
for both species.

To quantify the ratio between the cis- and trans-isomers
present in the mixture, on-resonance IRMPD kinetics are
performed on diagnostic IR bands. This provides an estimate
for the relative abundances of 65—70% cis and 30—35% trans
for protonated indigo and 75—80% cis and 20—25% trans for
isoindigo. Thus, isoindigo appears to be somewhat more prone
to protoisomerization than indigo, which is qualitatively
explained by significant differences in the DFT computed
isomerization barriers. The remaining fraction of trans-isomers
observed in the spectra are likely kinetically trapped.
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Additional figures showing calculated spectra for N-
protonated indigo and isoindigo (Figure S1), MS/MS
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spectra upon collision-induced and IR-induced dissoci-
ation (Figure S2), and the IRMPD spectrum of an as yet
unknown minor contamination having m/z 263 (Figure
S3); optimized geometries for all structures discussed
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