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ABSTRACT: Experimental IR spectra in the 5S00—1850 cm™'
fingerprint frequency range are presented for the isolated, gaseous
redox pair ions [Ru(bpy);]**, and [Ru(bpy),]*, where bpy = 2,2'-

(
A Ru(bpy)3
bipyridine. Spectra are obtained using the FELIX free-electron L:s‘)‘« l"
i 2

Exp (gas phase)
B3LYP/def2-TZVP
(HF=13%)

laser and a quadrupole ion trap mass spectrometer. The 2+
complex is generated by electrospray ionization and the charge-
reduced radical cation is produced by gas-phase one-electron
reduction in an ion—ion reaction with the fluoranthene radical
anion. Experimental spectra are compared against computed
spectra predicted by density functional theory (DFT) using
different levels of theory. For the closed-shell [Ru(bpy);]** ion, the 400 600 800 1000 1200 1400 1600 / cm™
match between experimental and computed IR spectra is very

good; however, this is not the case for the charge-reduced [Ru(bpy);]" ion, which demands additional theoretical investigation.
When using the hybrid B3LYP functional, we observe that better agreement with experiment is obtained upon reduction of the
Hartree—Fock exact-exchange contribution from 20% to about 14%. Additionally, calculations using the MO6 functional appear to be
promising in terms of the prediction of IR spectra; however, it is unclear if the correct electronic structure is obtained. The M06 and
B3LYP functionals indicate that the added electron in [Ru(bpy),]* is delocalized over the three bpy ligands, while the long-range
corrected LC-BLYP and the CAM-B3LYP functionals show it to be more localized on a single bpy ligand. Although these latter
levels of theory fail to reproduce the experimentally observed IR frequencies, one may argue that the unusually large bandwidths
observed in the spectrum are due to the fluxional character of a complex with the added electron not symmetrically distributed over
the ligands. The experimental IR spectra presented here can serve as benchmark for further theoretical investigations.

>

1. INTRODUCTION understanding of their properties. One particularly interesting

The tris(2,2"-bipyridine)—ruthenium coordination complex aspect of gas-phase studies is that they can serve as critical

ion [Ru(bpy),]** is a classical metal—organic ingredient benchmarks for high-level theoretical models used to describe
3

used, for instance, in dye-sensitized solar cells (DSSCs),' ¢ these systems. . .

) 7,8 ; . . 9-11 In order to unravel the underlying mechanisms at each stage,
in sensors,”” in organic synthesis as a photoredox catalyst, Ru(b q fits derivatives have b he subi :
and in artificial photosynthetic schemes.'”"* The dicationic u(bpy); and many of its derivatives have been the subject of a

15,1926
[Ru(bpy);]** coordination complex is known to possess a high o
absorption cross section in the visible range of the spectrum. In
DSSCs, light absorption occurs predominantly on transitions
with metal-to-ligand charge-transfer (MLCT) character,'®
leading eventually to oxidation of the dye. The oxidized dye

vast number of experimental and theoretical studies.
The long-term stability of the dyes used in DSSCs is a crucial
issue in their practical applicability. For instance, although
Ru(bpy);-based complexes exhibit solar-cell efficiencies of

about 11% in outdoor conditions,'®”’™*’ they degrade over

. 30,31 i .16 . )
is reduced back typically by the I"/I;~ redox shuttle in solution time and reductive quenching™ influences the efficiency.
(Figure 1).'®'7 [Ru(bpy);]>* may also be reduced to
[Ru(bpy);]*" by accepting an electron before photo-oxidation Received: January 31, 2020
(reductive quenching).'® These successive reductions give rise Revised: ~ March 2, 2020
to a series of oxidation states of the dye sensitizer.'* Structure, Published: March 2, 2020

stability, excited state reactivity, and photodynamics are
dependent on the oxidation state, and studies of these
complexes in complete isolation can contribute to a better
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Figure 1. Schematic representation of the key redox reactions in the
dye-sensitized solar cell (DSSC) and the generation of the redox pairs
through charge reduction via one-electron addition in the quadrupole
ion trap mass spectrometer (QIT MS).

Various structural fabrications have been suggested, such as
replacement of monodentate thiocyanate ligands by anionic
aromatic tris(bidentate) or bis(tridentate) lig21nds.32_41 The
excited state reactivity is another crucial factor in their design.
For instance, tris(bidentate) complexes have relatively long
excited state lifetimes compared to those of bis(tridentate)
complexes.'”*” Longer lifetimes of the excited states may
induce dissociation of the dye sensitizers and degrade their
performance over time. In contrast, the fast regeneration of the
oxidized species may prevent degradation.

Infrared and resonance Raman spectroscopy were employed
to study the [Ru(bpy),]** ion’** and its deuterated analogue
in solution along with valence force field*** calculations to
assign the observed vibrational bands.*® Transient infrared
absorption spectroscopy” *® was used to study the ground and
the excited triplet MLCT state of [Ru(bpy),]** in solution.*”*°
It was concluded that the excited electron is localized on one
of the bpy ligands rather than being delocalized over all
ligands.*>”" A similar conclusion was also proposed for the
reduced [Ru(bpy);]* ion in solution on the basis of different
types of spectroscopy.””>* In contrast, gas-phase electronic
spectroscopy experiments on the [Ru(bpy);]* ion and
associated computations suggested that the added electron is
delocalized over the three bpy ligands.”

The energy required to remove a bpy ligand from the
dication is naturally higher than from the monocation
analogue, which was shown experimentally using_ §as—phase
photodissociation in the visible wavelength range.”>>° In these
experiments, gaseous [Ru(bpy);]* was prepared by charge
reduction of [Ru(bpy);]** by electron transfer from cesium
vapor. The UV spectrum of the monocation showed much
broader bands than that of the dication analogue, where bands
were also red-shifted with respect to those for the dication.
Here, we investigate the same gaseous Ru(bpy); complex in
the 1+ and 2+ oxidation states using IR spectroscopy in the
fingerprint range and address the question of whether the
change of oxidation state from 2+ to 1+ affects the IR
spectrum and structure of the complex.

Numerous electronic structure calculations have been
reported for the [Ru(bpy);]** ion.”” "% Especially density
functional theory (DFT) has been extensively used to predict
physicochemical properties of the system. For experimental
validation of these computational results, gas-phase experi-
ments are especially valuable as solution-phase studies may
lack species selectivity and may show unwanted or unknown
effects of solvent molecules or counterions, which obstruct a
clear understanding of intrinsic molecular properties.’"
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However, the availability of gas-phase data on these ionic
systems is limited due to experimental challenges. Here, we
provide gas-phase IR spectra of isolated [Ru(bpy);]** and its
charge-reduced [Ru(bpy);]" counterpart. Our methodology is
based on IR multiple-photon dissociation (IRMPD) spectros-
copy of mass-selected ions in a quadrupole ion trap mass
spectrometer (QIT-MS).”>~** [Ru(bpy);]** ions are produced
by electrospray ionization (ESI) and its reduced analogue is
produced in a gas-phase electron-transfer reaction with an
anionic reagent, > thus giving unique spectroscopic access to
the two members of the redox-pair in complete isolation.”® We
compare our experimental spectra with DFT computed IR
spectra and with relevant data derived from previous gas-phase
electronic spectra of bare®” and tagged® "=’ Ru(bpy); ions.

2. METHODS

2.1. Experimental Section. All experiments have been
performed in a modified quadrupole ion trap mass
spectrometer (QIT MS, Bruker, AmaZon Speed ETD,
Bremen, Germany), which has been described in detail
elsewhere.”” The dication of interest, [Ru(bpy);]** was
generated via ESI starting from a solution containing a few
uM [Ru(bpy);]Cl; salt and 10 uM bpy in 1:1 MeOH:H,O.
The ['™Ru(bpy);]** ion at m/z 285 was mass-isolated,
retaining only the 102-isotope of ruthenium. Then, from the
isotopically pure dication, the charge-reduced ['**Ru(bpy);]*
ion at m/z 570 is generated by one-electron charge reduction
using the electron-transfer dissociation (ETD) option of the
QIT-MS,>>650670 During the charge-reduction reaction, an
electron is transferred from the fluoranthene radical anion to
the Ru-complex dication. Fluoranthene radical anions are
generated in a negative chemical-ionization ion source and are
transferred to the quadrupole trap, where they engage in an
ion—ion reaction for 250—300 ms with the ['*Ru(bpy);]**
dication.®®”" The intact charge-reduced monocation (some-
times referred to as ETnoD) can then be mass-isolated for
subsequent IRMPD spectroscopic interrogation.

Fingerprint IRMPD spectra of both [Ru(bpy);]**'* ions
were recorded from 500 to 1850 cm™' using the tunable
infrared radiation from the FELIX free-electron laser
(FEL).®** Operating at a repetition rate of 10 Hz,
FELIX">”* produces macropulses of 6—10 us duration with
energies up to 100 mJ per pulse. The mass-to-charge isolated
ions are irradiated with the FEL radiation, which induces
vibrational excitation when the laser frequency is on-resonance
with one of the normal modes of the ions. Multiple photons
are absorbed while statistical redistribution of energy takes
place, thus increasing the internal energy of the ions, eventually
leading to unimolecular dissociation. [Ru(bpy);]** ions were
irradiated with 20 FEL macropulses at maximum pulse energy.
The charge-reduced ions, [Ru(bpy);]*, were irradiated by 2
pulses with the pulse energy reduced by a factor of 3 to prevent
saturation by complete depletion of the precursor ions. IR
spectra were generated by plotting the natural logarithm of the
fragmentation yield

—ln[l - Z Ifrag/(IPre + Z If“‘g)]
and [

as a function of the IR laser frequency, where Iy, pre
represent ion intensities for fragment and precursor ions,
respectively.””> At each IR frequency point, five mass spectra
were averaged. The laser frequency step size was 3 cm™". The
yield is linearly corrected for frequency-dependent variations in

https://dx.doi.org/10.1021/acs.jpca.0c00888
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the laser pulse energy and the IR frequencies are calibrated
using a grating spectrometer.

2.2. Computational Modeling. Geometries were opti-
mized at several levels of theory to test the applicability of
various functionals for these particular systems. The
B3LYP’®”” and range-separated’® LC-BLYP levels of theory
were used with the def2-TZVP’”"" basis set for all atoms.
Additionally, B3LYP and several meta functionals developed
by the Truhlar group81 (M06, MO6L, M06-2X) were employed
for comparison with an effective core pseudopotential (ECP)
on Ru and 6-311+G(d,p) on C, N, and H atoms.®” The range-
separated CAM-B3LYP level of theory was also used for the
charge-reduced monocation. In all cases, the ECP used was
aug-cc-pVTZ-pp.” To refine the relative energies among
different functionals, single-point MP2/6-311+G(2d,2p) cal-
culations were also performed. Relativistic effects were not
taken into account using these functionals. Natural population
analysis (NPA)** was performed using the keyword “pop =
npa”. All calculations described above were performed using
Gaussian09 revision D 01.*°

Alternatively, the Amsterdam Density Functional (ADF)
program package®* ™ was used. The B3LYP, MO06, and
O3LYP (developed by Cohen and Handy®”) functionals were
employed with uncontracted Slater type orbitals (STOs) of
triple-{ quality including two sets of polarization basis
functions (TZ2P”°). The hybrid O3LYP*’ functional is similar
to the B3LYP functional but uses 12% HF exact exchange
instead of 20% in B3LYP. Relativistic effects were taken into
account using the Zero-Order Regular Approximation
(ZORA) method” ~** within the ADF program package.

With the optimized geometries (see Figure 2), vibrational
frequencies were calculated within the harmonic approxima-

[Ru(bpy),] *
Ds sym
(rm.s=0.01926)

[Ru(bpy);]
Ds sym
(rm.s=0.01877)

Figure 2. DFT computed structure of [Ru(bpy);]* overlaid with that
of [Ru(bpy);]** at the MO6 level of theory. The structures are similar
(Table 2), possessing D; symmetry, but their fingerprint IR spectra
(500—1850 cm™") are significantly different (see Figure 4). Hydrogen
atoms are omitted for clarity. Coordinate labeling as used in Table 2 is
shown.

tion. All stationary points were confirmed to be true minima
with no imaginary frequencies. Doubly charged Ru(II) has a d°
electron configuration, and a singlet spin configuration was
chosen in all calculations. The charge-reduced Ru(I) has a d’-
configuration and a doublet spin state was chosen within an
approximately octahedral ligand environment (Figure 2).
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Computed harmonic IR frequencies were convoluted using a
15 cm™ full-width at half-maximum (fwhm) Gaussian line
shape function. For consistency in evaluating the performance
of different levels of theory in terms of IR spectral prediction,
we chose to scale harmonic frequencies by a factor of 0.965 for
all levels of theory. This scale factor gives satisfactory results
for the dicationic species when B3LYP or M06 functionals are
used (see Figure 4).

3. RESULTS AND DISCUSSION

3.1. MS" Results. The mass spectrum recorded after
electrospray ionization of the [Ru(bpy);]Cl; solution is shown
in Figure 3a. Clearly visible is the [Ru(bpy);]*" ion peak with

a) [Ru(bpy),1**  m/z 285
o il
m/z157 ) A,
i) J k' TR 1‘;:1”'—_:'.4\.:. u.,.ij "
- C 2+ H,0 adduct
= © [Rubpy),] iy
s r}/z 207 | — m/z413
g | 1/
) a4
g N 2 ED [Ru(bpy),1*
= [Ru(bpy), ]
)3 products m/z570
e) +
[Ru(bpy),]*  MeOH adduct
m/za1a |~ m/2446
o i (S
150 200 250 300 350 400 450 500 550 m/z

Figure 3. Mass spectra of (a) ESI of the Ru-bpy solution generating
[Ru(bpy);]** with its main isotopologue at m/z 285. (b) shows an
expanded view of the isotope distribution of [Ru(bpy),]**. (c)
Infrared photodissociation of isolated ['“Ru(bpy);]**. (d) Electron-
transfer reduction of isolated ['“Ru(bpy);]** showing a peak
corresponding to the formation of the charge-reduced ['**Ru(bpy),]*
ion at m/z 570, as well as ETD-induced fragments at m/z 414 and m/
z 446. (e) Infrared photodissociation of isolated ['**Ru(bpy),]*.

its characteristic isotope pattern, which is enlarged in the inset,
Figure 3b. After the '“Ru-containing species were isolated at
m/z 285, the ions were resonantly irradiated with the FEL at
1436 cm™!. The main fragment is found at m/z 157
corresponding to a protonated bpy ligand, with the
complementary ion barely visible at m/z 413, corresponding
to [Ru(bpy)(bpy-H)]*; see Figure 3c. An additional fragment
is found at m/z 207, which is attributed to the [***Ru(bpy),]**
ion, an undercoordinated 2+ ion, that easily picks up a
background water molecule in the QIT resulting in a mass
peak at m/z 216.

In a separate experiment, the mass-isolated ['“Ru(bpy);]**
ion was charge-reduced using the fluoranthene radical anion
form the ETD source, resulting in the singly charged
['®>Ru(bpy),]* ion at m/z 570 (Figure 3d). The ETR reaction
time was optimized to maximize the amount of charge-reduced
ions. In this particular ETR reaction, approximately 55% of the
dication is charge-reduced. After mass isolation, the [Ru-
(bpy);]* ion was resonantly irradiated by the FEL at 1360
cm™!, which primarily produced a fragment at m/z 414, which
can be attributed to the [Ru(bpy),]* ion (Figure 3e).
Additionally, a peak at m/z 446 is observed, which is
presumably a methanol adduct of [Ru(bpy),]*.

https://dx.doi.org/10.1021/acs.jpca.0c00888
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Figure 4. Gas-phase experimental IRMPD spectra (magenta) of [Ru(bpy);]** (left) and charge-reduced [Ru(bpy);]* (right), overlaid with
calculated IR spectra (black) using several levels of DFT. Additionally, the M06/TZ2P predicted spectrum for the monocation is shown in orange
in panel d (intensity on the right). Experimental band maxima are labeled (panel c), and their approximate dominant mode characters are also
indicated (panel d). Computed spectra for the dication are in good agreement with experiment at all levels of theory at the selected scaling factor of
0.965. Some weak bands are not observed, which we attribute to nonlinearity of the IRMPD process leading to an apparent cutoff (dashed line) for
this strongly bound complex. For the monocation, the IR frequencies show significantly more variation. The M06 method appears to outperform

others (panel d).

3.2. Comparison of the IR Spectra of [Ru(bpy);]** and
[Ru(bpy);]*. The IRMPD spectrum of [Ru(bpy);]** is shown
in the left-hand panels of Figure 4 and reveals only two
dominant relatively narrow IR absorption bands. Substantial
changes in the IRMPD spectrum are observed upon charge
reduction to [Ru(bpy),]*, whose spectrum shows an increased
number of strong IR bands, which are also significantly
broadened (see right-hand panels in Figure 4 and Table 1). In
previous studies on charge-reduced coordination complexes of
Ni and Cu performed under similar experimental condi-
tions,**” such obvious spectral broadening was not observed,
suggesting that the broadening is intrinsic to the Ru(bpy);*
system and not to the experimental method. Theoretical IR
spectra (black in all panels) at all levels of theory produce a
relatively satisfactory match for the dication. However, this is
not the case for the charge-reduced monocation, for which the
predicted frequencies of the main absorption bands are
severely blue-shifted. The M06 functional appears to give the
closest match with the experimental frequencies.

The energetic requirements to induce dissociation of the
complex are very different for the two oxidation states. To
record the IRMPD spectra in Figure 4, the [Ru(bpy),;]** ions
were irradiated by 20 laser pulses, whereas the charge-reduced
[Ru(bpy);]* ions were irradiated by only 2 pulses, attenuated
to one-third of the original pulse energy. This is in qualitative
agreement with observations by Nielsen and co-workers, who
investigated these ions by gas-phase UV/vis photodissociation

spectroscopy.”>® In the literature, experimental gas-phase
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bond dissociation energies for the loss of a bpy ligand from
M(bpy)," complexes were reported by Rodgers and co-
workers”®™?® to be 2.33 eV for Zn, 2.46 eV for Cu, and 2.81 eV
for Ni. We calculate a value of 3.59 eV for the loss of a bpy unit
from [Ru(bpy),]* and 6.55 €V from [Ru(bpy),]**. For the
complex with three ligands, Nielsen and co-workers calculated
(B3LYP/def2-TZVP) a dissociation energy of 2 eV for
[Ru(bpy);]*,”* while our M06-level calculation gives 2.57 eV
for [Ru(bpy),]* and 4.53 eV for [Ru(bpy),]*".

3.3. Analysis of the IR Spectrum of [Ru(bpy);]**. The
experimental IR bands have been assigned with an approximate
vibrational mode description from the DFT calculations for
both [Ru(bpy);]** and [Ru(bpy),]*, as listed in Table 1. In the
case of [Ru(bpy);]**, the IRMPD experiment yields two main
bands centered at 1436 and 757 cm™' that are closely
predicted at 1424 and 750 cm™’, respectively (left panel of
Figure 4d). In general, all four levels of theory presented in
Figure 4 accurately identify these two main IR bands, although
their relative intensities are reversed as compared with
experiment. The higher-frequency band shows dominant CC
and CN stretch character combined with C—H in-plane
bending. The lower-frequency mode is predominantly due to
C—H out of plane bending motion. Theoretical bands with
lower intensity are not observed in the experimental spectrum,
which we attribute to collisional deactivation of the ions by the
helium buffer gas inside QIT during IR activation, which
prevents ions from reaching the dissociation thresh-
0ld.“>°%7%7% Egpecially for ions with a relatively high

https://dx.doi.org/10.1021/acs.jpca.0c00888
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Table 1. Experimental Vibrational Frequencies (in cm™") of
the [Ru(bpy),;]* and [Ru(bpy),;]** Systems Compared with
Scaled Harmonic Values Computed at the M06 Level”

theory
experiment MO06/6- Mo6/
(IRMPD)  311+G(dp) TZ2P assignments”
[Ru(bpy);]**
1583 1602  CC str (s), CN str (w)
1436 (25) 1424 1451 C? )str (s), CN str (w), CHip bend
s
1389 1437  CHip bend (s), CC str (s), CN str
)
757 (9) 750 763 CHoop bend (s), bpy ring breath
(w)
[Ru(bpy),]*
1549 (~50) 1550 1538 C%)str (s), CN str (w), CHip bend
s
1427 (33) 1422 1425  CC str (w), CN str (w), CHip bend
(s)
1360 (47) 1343 1342
1264° (~50) 1278 1240  NRuN bend (s), CC str (s), CN str
(s)
1213 (~42) 1226 1219 CHip bend (s), CC str (w)
1215 1213 CHip bend (s), CC str (w)
1073 (60) 1093 1093  bpy ring breath (w), CHip bend
(w)
870 (100) 917 899  Ru—N sym str (s), bpy ring breath
(s), CHip bend (wg)
846 855  bpy-oop (m), CHoop bend (w)
746 (11) 743 758  NRuN bend (s), bpy ring breath
(s), CHoop (s)
627 (41) 615 635 Ru—N asym str (s), bpy ring

deformation (s)

“Values in parentheses are observed IR bandwidths (FWHM in
cm™). Mode descriptions for the IR bands indicate the dominant
contributions. str, stretch; ip, in-plane bending mode; oop, out-of-
plane bending; bpy ring breath, bipyridine ring breathing; sym,
symmetric; asym, asymmetric; s, strong band; m, medium; w, weak.
“Shoulder.

dissociation threshold, such as [Ru(bpy);]*’, this effect leads
to an apparent IRMPD cutoff, empirically indicated with a
dashed line in Figure 4a.

IR spectra of [Ru(bpy);]** recorded in a KBr pellet in the
1000—1800 cm™" range were reported by Sun et al’® and by
Mukuta et al.*’ The dominant IR bands at 1424, 1447, and
1465 cm™ in the pellet spectra® are close to our experimental
band at 1436 cm™' (fwhm = 25 cm™'). Additional low-
intensity IR bands were observed in the pellet spectrum™® at
1314, 1271, and 1161 cm™'. These bands were too weak to be
observed in our IRMPD spectrum and the IR range below
1000 cm™" was not reported for the pellet spectrum.

3.4. Analysis of the IR Spectrum of [Ru(bpy);]*. We
now turn to the charge-reduced [Ru(bpy);]* ion, for which an
experimental IR spectrum has, to the best of our knowledge,
not been reported. As discussed above, this singly charged ion
has a much lower threshold to dissociation, so that nearly all IR
bands predicted by theory can be correlated with bands
observed in the IRMPD spectrum, although several bands are
significantly shifted in frequency and some have deviating
intensities (see right panel of Figure 4). It is notable that
spectra computed using different theoretical methods vary
more for the monocation than for the dication, both in
position and in intensity. The B3LYP calculated spectra are
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quite similar with small differences depending on the basis set
used, but the overall deviation from the experimental spectrum
is substantial. A significant improvement is observed for the
MO06 functional (Figure 4d), perhaps consistent with
suggestions on the suitability of this functional for transition
metal complexes.””'% For instance, the IRMPD band at 1073
cm™ (fwhm = 60 cm™) can be attributed to the band
predicted at 1093 cm™" at the M06/6-311+G(d,p) level, while
this band is calculated at 1119 cm™ at the B3LYP/def2-TZVP
level (Figure 4a). The experimental band at 1213 cm™" agrees
well with the MO06 predicted band at 1215 cm™. This
experimental band has a shoulder at 1264 cm™, which is also
closely predicted at 1278 cm™L Finally, the most intense band
in the computed spectrum at 917 cm™ is also relatively close
to the strong experimental band at 870 cm™".

A very similar infrared spectrum is obtained at the M06/
TZ2P level of theory, shown in orange in Figure 4d, although a
few differences are noted. At the MO06/TZ2P level, the
dominant band predicted at 899 cm™' moves closer toward the
experimental value; however, the band at 1240 cm™! moves
further away from the experimental position. Structural
parameters given in Supporting Information Table SI1 are
very close to those calculated at the M06/6-311+G(d,p) level.

A careful inspection of the normal mode atom displacements
shows that all levels of theory yield similar normal mode
characters (Table 1). The most intense and strongly
broadened experimental band at 870 cm™', assigned to the
band calculated at 917 cm™ (MO06), is best characterized as a
symmetric bpy ring breathing motion that involves a
symmetric Ru—N stretching motion (Figure S). The large 47

a) 870 cm™ (fwhm =100 cm-Y)

b) 1073 cm™ (fwhm = 60 cm™Y)

Figure S. Two of the vibrational normal modes for the charge-
reduced complex calculated at the M06 level of theory (H atoms
omitted for clarity). These modes correspond to the observed IRMPD
bands at (a) 870 cm™ (fwhm = 100 cm™) and (b) 1073 cm™" (fwhm
=60 cm™"). Theory predicts these bands to be at 917 and 1093 cm™,
respectively (see Table 1).

em™ (29 cm™! at the M06/TZ2P) blue shift with respect to
the experiment therefore suggests that the central Ru-ligand
coordination bonds are not as strong as theory predicts, which
we investigate further here.

The hybrid B3LYP functional uses 20% Hartree—Fock (HF)
exact exchange,101 while M06 has 27% exact exchange.gl’102
Inclusion of higher HF exchange contribution in the DFT
functional can lead to overbinding103 or underbinding104 of the
complexes. Figure 6 illustrates the spectral effects of a gradual
reduction of the HF exact-exchange contribution in the B3LYP
functional (using the def2-TZVP basis set) starting from the
original 20% value. At lower values of HF contribution, the
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Figure 6. Theoretical IR spectra for [Ru(bpy);]* at the BALYP/def2-
TZVP level of theory with varying levels of Hartree—Fock exact-
exchange contribution, starting from the 20% default in B3LYP (top
panel) down to 5% (bottom panel). The experimental IRMPD
spectrum is the magenta trace in each panel. Reducing the HF
contribution leads to an increased average Ru — N bond distance, a
reduced electrostatic contribution to the metal—ligand binding (not
shown), and a gradual red shift of the main bands in the spectrum.

main IR features shift to lower frequencies, in the direction of
the experimentally observed positions. Relative intensities also
appear to converge toward experimentally observed values. At
the same time, the average Ru—N bond length (given in each
panel of Figure 6) increases, indicating a weaker metal—ligand
bonding at lower HF contribution. Partial charges at the Ru
and N atoms also decrease (in an absolute sense) suggesting
the reduced binding to be due to reduced electrostatic
attraction. The hexadentate coordination is maintained. At
an HF contribution of about 13—15%, we qualitatively find an
optimum match between experimental and computed IR
spectra. The most significant improvements in experimental

versus computed frequencies occur for the dominant IR bands.
For the 13% HF calculation, the (broadened) bands centered
at 870, 1073, and 1213 cm™" are predicted at 880, 1076, and
1210 cm™" with the approximate mode descriptions unchanged
from those in Table 1. In addition, the weak and broad
experimental feature centered around 625 cm™ is more closely
predicted to be due to two absorptions at 618 and 640 cm™".
Conversely, the position of the sharp band observed at 746
cm™! appears to be better predicted by the computations
including a higher percentage of exact exchange. We conclude
that B3LYP/def2TZVP with the reduced HF exact-exchange
contribution gives the optimum results in terms of prediction
of the IR spectrum. For Fe—ligand complexes, Reiher et al.'**
also suggested to reduce the HF exchange to 15% to better
reproduce experimental data, focusing especially on spin
multiplicity. Similarly, Moritz et al.'"®® reported an improved
modeling of the binding of N, to Sellmann-type Fe(Il)
compounds upon reducing the default 20% HF to 15%.

3.5. Structural Parameters of [Ru(bpy);]** and [Ru-
(bpy)sl*. Selected structural parameters resulting from the
calculations for both members of the redox pair are
summarized in Table 2. For [Ru(bpy);]*', the average Ru—
N bond length is 2.081 A and the bpy ligand bite angle with Ru
is predicted to be 78.0°. These values can be compared with X-
ray data,'’® which indicates that the Ru—N distance is slightly
overestimated by 0.016 A and that the bpy ligand bite angle is
correct. The computed gas-phase data are reasonably close to
results for an octahedral ligand environment. The ion is
thought to have D; symmetry,””'?'% and the geometry
optimization without symmetry constraints indeed gives a
near-D; structure (rms deviation = 0.0193; see Figure 2).
Upon charge reduction to [Ru(bpy);]*, overall structural
parameters remain similar, maintaining the pseudo-octahedral
geometry of D; symmetry”> (rms deviation = 0.0188). The
most striking geometry change is perhaps the average Ru—N
bond length, which contracts slightly (—0.012 A) upon charge
reduction. Despite the relatively minor structural changes, the
IR spectrum changes significantly.

The computed contraction of the Ru—N bond length for
[Ru(bpy),]* relative to [Ru(bpy);]** suggests an increased
metal—ligand bond energy, which indicates that the additional
negative charge resides on the ligands providing an additional
attractive Coulomb contribution to the metal—ligand binding.
However, IR induced dissociation of [Ru(bpy);]* is much
more facile than dissociation of [Ru(bpy);]**, clearly
suggesting a lower bond dissociation energy. Both observations
need not be in contradiction, as the dissociation process leads

Table 2. Average Ru—N Distances (A) and N—Ru—N Bond Angles (deg) for [Ru(bpy);]** and [Ru(bpy);]* Compared with

Crystallographic Literature Data'%%*

[Ru(bpy),]** [Ru(bpy),]*
parameter MO06/6-311+G(d,p) B3LYP exp'%® Xeray crystallography  M06/6- 311+G(d,p)  MO06/TZ2P B3LYP B3LYP (13% HF)
Bond Distance (A)
d(Ru—N) 2.081(0) 2.096(0) 2.065(2) 2.069(0) 2.069(0) 2.084(0) 2.109(0)
Bond Angle (deg)
£4N-Ru—N’ 78.0(0) 77.9(0) 78.7(1) 78.4(0) 78.4(0) 77.9(0) 78.3(0)
ZN—Ru—N" 88.2(0) 88.5(1) 89.1(1) 89.8(0) 902(2) 88.5(1) 89.8(1)
ZN—-Ru—N" 173.3(1) 173.0(0) 173.0(1) 1723(2) 172.1(2) 173.0(0) 172.3(1)
ZN'—Ru—N" 97.1(1) 96.8(4) 96.3(1) 96.2(1) 96.0(1) 97.0(0) 96.2(0)

“Values calculated using B3LYP/def2-TZVP with reduced Hartree—Fock exact exchange (13% HF; see text) are also listed for the charge-reduced
[Ru(bpy);]* ion. Atom labels are shown in Figure 2. Parenthesized values are standard deviations in units of the last quoted digit.
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to the expulsion of a neutral ligand; the IRMPD product ion
corresponds to [Ru(bpy),]*.

3.6. Electronic Structure of [Ru(bpy);]*. A peculiar
finding is that the band intensities computed by the MO06
functional are about S0 times higher for [Ru(bpy);]* than for
[Ru(bpy);]**; see Figure 4. At the B3LYP level, a 20—35-fold
increase is seen. An unrestricted Hartree—Fock (UHF)
calculation gives calculated intensities that are “only” 7 times
higher for [Ru(bpy),;]* than for [Ru(bpy);]*', although the
UHF predicted frequencies for [Ru(bpy);]* do not match
experimental results (see Supporting Information Figure S1).
Such deviations in relative intensities between UHF and DFT
levels may be an indication of the DFT results bein
susceptible to electron self-interaction error (SIE)'”''° for
the open-shell [Ru(bpy),]" ion. This relates to the question of
the (de)localization of the added electron upon charge
reduction, as for instance investigated for the attachment of
an electron to a multiply charged peptide cation by Gilson et
al.''® Conventional DFT functionals (such as the hybrid
B3LYP) predict the added unpaired electron to be delocalized
over the entire peptide, even upon its imminent dissociation
into two fragments, which appears unphysical. However,
several ab initio methods (UHF, MP2, CCSD) and long-
range corrected DFT functionals (e.g, LC-BLYP, CAM-
B3LYP''") predict the unpaired electron to be localized on
the group with highest electron affinity.

We therefore inspect the frontier molecular orbitals of the
[Ru(bpy),]* ion in Figure 7, with [Ru(bpy);]** displayed as a

Ru(l)

% 3 % KK

Figure 7. B3LYP/6-311+g(d,p) computed HOMO and LUMO of
[Ru(bpy);]** (a) and SOMO and SOMO-1 orbitals for the
[Ru(bpy);]* ion (b). For the charge-reduced ion, the same MOs
calculated at the M06 (c), B3LYP (HF = 13%)/def2-TZVP (d), LC-
BLYP/def2-TZVP (e), and CAM-B3LYP/6-311+G(d,p) (f) levels of
theory are also shown. Note the more localized character of the
orbitals (and hence of the charge; see Table 3) using the latter two
functionals. An isosurface value of 0.015 was used for all orbitals.

Ru(ll)

LUmo
SOMO

HOMO
SOMO-1

reference. The B3LYP/6-311+g(d,p) calculations for the
closed-shell 2+ system show that the highest occupied
molecular orbital (HOMO) is primarily centered on the Ru
atom, while the lowest unoccupied molecular orbital (LUMO)
is mostly delocalized over the three bpy ligands. Turning to
[Ru(bpy);]*, the added electron appears indeed to be injected
into the LUMO of the 2+ system, now becoming the singly
occupied MO (SOMO) of the radical cation [Ru(bpy);]*.
B3LYP and MO06 functionals (Figure 7b—d) give nearly
identical results in which the SOMO is entirely delocalized
over the three bpy ligands, as also reported in ref 55. However,
using one of the long-range corrected DFT functionals LC-
BLYP or CAM-B3LYP, the SOMO is seen to be strongly
localized on a single bpy moiety (Figure 7ef). These
observations are also supported by the partial charges resulting
from an NPA analysis at the different levels of theory as
summarized in Table 3. In addition, the SOMO-1 of
[Ru(bpy);]* is mainly localized on the metal center and is
very similar to the HOMO of [Ru(bpy),]**, except at LC-
BLYP and CAM-B3LYP levels, where the amplitude
contributions from the ligand orbitals are again more localized.

The more localized character of the SOMO, and hence of
the charge, as predicted by the long-range corrected func-
tionals also leads to a geometry that is less symmetrical for the
[Ru(bpy);]* complex ion. For instance at the LC-BLYP/def2-
TZVP level, the Ru—N bonds of the bpy ligand carrying the
localized SOMO are shorter (2.063 A) than those with the
other two bpy ligands (2.082 A), in agreement with a higher
Coulomb attraction to the metal center for the negatively
charged bpy unit.

We can now speculate on the origin of the peculiar spectral
broadening observed for the main bands in the IRMPD
spectrum of [Ru(bpy);]*. If we assume that the negative
charge localized on one of the ligands can easily hop from one
bpy ligand to another, the system may possess a fluxional
character, where the three bpy units take turns at attaching the
added electron and hence at binding more strongly to the Ru
center. At finite temperatures, such a system may show
spectrally broadened resonances as IR excitation may enhance
the charge hopping and hence the fluxional character of the
system. A prototypical example is the vibrational spectrum of
the CH;" ion, which may be regarded as a complex of a methyl
cation and an H, molecule where the five H atoms are
fluxional, which is strongly temperature dependent, in terms of
both band positions and widths."'*

Although the more localized electronic character predicted
by LC-BLYP and CAM-B3LYP may thus qualitatively

Table 3. NPA Partial Charges for Selected Atoms in the 2+ and 1+ Complexes”

B3LYP/6-311+G(d,p) MO06/6-311+G(d,p) LC-BLYP/def2-TZVP CAM-B3LYP/6-311+G(d,p)
atom 2+ 1+ 1+ 1+
ligand Ru 0.160 0.161 0.144 0.069 0.139
bpy (1st) N —0.379 —0.389 —0.400 —0.401 —0.453
N —0.379 —0.389 —0.399 —0.401 —0.453
bpy (2nd) N —0.379 —-0.388 —0.400 —-0.310 —-0.371
N —0.379 —0.389 —0.399 —0.303 —0.361
bpy (3rd) N —0.379 —0.388 —0.400 —-0.310 —0.371
N —0.379 —0.388 —0.399 —-0.303 —0.361

“Note the similar charges on the Ru atom in the overall 1+ and 2+ complexes, indicating that the added electron is on the ligands. Note also the
asymmetric charge distribution over the three ligands with the long-range corrected functionals as compared to the symmetric distribution using

B3LYP and MO06.

https://dx.doi.org/10.1021/acs.jpca.0c00888
J. Phys. Chem. A 2020, 124, 2449—2459


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c00888/suppl_file/jp0c00888_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00888?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00888?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00888?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00888?fig=fig7&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c00888?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

rationalize the observed bandwidths in the IRMPD spectrum,
the predicted frequencies at these levels of theory do not
match with the experiment (see Figure S1). We do not further
investigate this here but just note that B3LYP and MO06 are in
general known for their ability to predict vibrational spectra
more accurately than many other DFT functionals.

4. CONCLUSIONS

We report the first gas-phase IR spectra of isolated [Ru-
(bpy);)** and its charge-reduced analogue [Ru(bpy),]*. The
energy required to remove a bpy unit from [Ru(bpy);]* is
clearly much lower than from its oxidized counterpart
[Ru(bpy);]**. Their IR spectra are also very distinct and
while DFT computations have no difficulties reproducing the
IR spectrum of the closed-shell dication, the IR spectrum of
the monocation contains a large number of bands that appear
broadened and that are difficult to reproduce at the DFT levels
employed in this study. Reducing the HF exact-exchange
contribution in the B3LYP/def2-TZVP calculations, results in
a reduced the metal—ligand binding and gives an improved
prediction of the experimental IRMPD spectrum. Upon charge
reduction, all ligands remain intact and in the same octahedral
configuration. Computations using the MO06 and B3LYP
functionals suggest that the added electron in [Ru(bpy),]* is
delocalized over all three bpy ligands, while computations
using long-range corrected functionals (LC-BLYP and CAM-
B3LYP) suggest it to be localized on a single bpy ligand. A
more localized charge could lead to a fluxional system that
might explain the spectral broadening observed; however,
these functionals fail to reproduce the experimentally observed
IR spectrum. Hence, we conclude that the IR spectra presented
here of the isolated [Ru(bpy);]**/!* redox pair are useful
benchmarks for further theoretical investigations on this
system. The experimental method of combining electron-
transfer reduction and IR ion spectroscopy in an ion trap mass
spectrometer is shown to be of interest to investigate isolated
metal—ligand complexes in oxidation states that are not readily
accessible using standard ESI ion generation.
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