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Abstract

The gas phase infrared spectrum of TisO1 is studied in the spectral range from 400 to
1250 cm™' using cryogenic ion trap vibrational spectroscopy in combination with density
functional theory (DFT). The infrared photodissociation (IRPD) spectrum of D,-tagged TisO10
provides evidence for a structure of lower symmetry that contains a superoxo group (1121 cm™)
and two terminal Ti=O moieties. DFT combined with a genetic algorithm for global structure
optimization predicts two isomers which feature a superoxo group: the Cs symmetric global
minimum-energy structure and a similar isomer (C,) that is slightly higher in energy. Coupled
cluster calculations confirm the relative stability. Comparison of the harmonic DFT spectra
(different functionals) with the IRPD spectrum suggests that both of these isomers contribute.
Earlier assignments to the adamantane-like Cs, isomer with three terminal Ti—O™ groups in a
quartet state are not confirmed. They were based on the infrared multiple photon

photodissociation (IRMPD) spectrum of bare Ti;O;0 and local DFT structure optimizations.



Introduction

Titanium dioxide is a semiconducting material known for its use in heterogenous catalysis,
either as a catalyst or catalyst support. Much interest, for example, has focused on understanding
and optimizing its use as a photocatalyst in the water splitting reaction.® Nonetheless, there are
many open questions as for the nature of the active sites, because they are difficult to study under
typical working conditions and spectral assignments are not safe, see, e.g., Refs. 2-5. Gas phase
clusters can often serve as model systems for gaining a better understanding in such cases.®

Titanium oxide clusters have been studied extensively in the gas phase in recent years (see e.g.
Ref. 7 for a summary). Considerable experimental attention has focused on titanium oxide
anions, in particular on the way the excess charge influences their structure’® and reactivity**
as a function of cluster size and composition. Theoretical investigations aimed at an elucidation
of their structure, stability and optical properties."®*® Here, we revisit the geometric and

electronic structure of the Ti O titanium oxide anion, which may be understood as O,

attached to (TiO,)4 and provide information about oxygen species attached to TiO, surfaces.* >
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Figure 1. The four lowest TPSSh/def2-TZVPP optimized minimum-energy structures for
Ti,O10 . Bond distances in pm. Titanium atoms are shown in grey, oxygen atoms in red. The

nomenclature is taken from Ref. 20.



The vibrational spectrum of TisO1p was originally obtained by infrared multiple photon
photodissociation (IRMPD) spectroscopy in the spectral region from 550 to 1050 cm™'. Based on
local structure optimization with density functional theory (DFT), it was assigned to the highly
symmetric adamantane-like cage structure 4d, see Fig. 1. We keep the nomenclature of Ref. 20
for unequivocal reference to previous work. The cage structure 4d with four terminal oxygen
atoms was chosen for local structure optimization as part of the V4,Ti,O1p isomorphous
substitution series. Previously, IRMPD studies demonstrated that (V,0s), anions (n = 2—4) form
polyhedral cages made of (-0)3;V=0 units.?! The TisO1 cage 4d instead consists of one (-
0)3Ti=0 unit and three (-O)3Ti—O" units, resulting in a quartet spin state. The authors of Ref.
22 have been well aware of the fact that such oxygen-rich transition metal oxide species tend to
form superoxo or peroxo units.?? They indeed found a Ti;O10~ isomer with a superoxo, O,
ligand, but this was 50 kJ mol™" less stable than 4d.

Later, after a genetic algorithm had proven its ability to find unusual structures of metal oxide
clusters such as AlgO:,* in DFT structure optimizations,?® a global search for alternative
structures of TisO1 was performed.” It yielded structures 4a — 4c shown in Fig. 1, which
feature a superoxo group each, and which were found up to 68 kJ mol™' more stable than 4d
using DFT.

Ti,O10 is an example of “overoxidation”. In a “stoichiometric” TisOg cluster, each titanium
atom would be fully oxidized to Ti** and each oxygen atom fully reduced to O*" which can be
written in a fully ionic picture as [(Ti**)4(O* )g]. For the two additional oxygen atoms in TisO1o
= [Ti4sOg][O2] there is just the additional electron of the anion available for reduction. One
possibility is that they form a superoxo species (O,") as in 4a — 4c, which can be written in a

fully ionic picture as [(Ti*")4(O*)s](O2"). The other possibility is to distribute the electron



deficiency more equally, leading to three O™ ions as in 4d, with [(Ti*")4(0*)]**(0")s. That 4d
IS much less stable than 4a — 4c is another example for “inequality creates stability” which we
had found before for cationic and neutral AlgO1,.2 A more general phenomenon of this type is
the Jahn-Teller effect.

The IR spectra of 4a — 4c are predicted to exhibit a characteristic band slightly above
1200 cm™' (1202-1208 cm™") due to excitation of the O-O stretching mode of the O, group. A
corresponding band was not observed in the original IRMPD study. While the primarily reported
spectrum? only extended up to 1050 cm™, overview spectra were indeed measured up to
1400 cm ™' as part of the original study and these showed no photodissociation signal above
1000 cm™". Analysis of the spectrum up to 1050 cm™ led to the conclusion that the experimental
IRMPD spectrum was due to a mixture of 4b and 4d dominated by the adamantane-like cage
4d.?° Observation of this high energy isomer was suggested to be due to kinetic trapping in the
cluster preparation process which is not very likely. For the experimental setup in question it has
only been reported for such cases, where special measures were taken to greatly enhance kinetic
trapping.?*

To unravel the discrepancies between experiment and theory, here we revisit the gas phase
vibrational spectrum of Ti,O19 over a broad spectral range, including the superoxo stretching
region. We use messenger-tagging with D, to obtain vibrational predissociation spectra of
Ti4010 -D2 in the linear absorption regime, which we refer to as IRPD (vs. IRMPD) spectra. We
then compare this spectrum to the original IRMPD spectrum? of bare Ti;O1 , commenting on
common pitfalls in the assignment of such spectra. We assign the obtained IRPD spectra based
on a comparison with harmonic IR spectra from DFT calculations. We also discuss the

advantages and limitations of the cosine similarity score® as criterion for the assignment of the



vibrational spectra. For a safe structure determination, the structure that yields the best
agreement with the spectrum should also have the lowest energy. Here we go beyond DFT which
cannot be systematically improved and use coupled cluster theory to calculate improved energies

at the DFT structures (“single-point energies”).

Experimental Methods

Infrared photodissociation (IRPD) experiments were conducted on an ion trap tandem mass
spectrometer described previously.?® 2" Titanium oxide anions were produced using a Smalley-
type?® laser vaporization ion source.'* % The second harmonic output (532 nm, ~10 mJ) of a
Nd:YAG laser (Litron, Nano S) operated at 50 Hz was focused onto the surface of a rotating and
translating titanium rod. The resulting plasma is entrained in a pulse of 0.75% O, seeded in He
carrier gas (backing pressure: 6 bar) and expanded through a clustering channel held at 270 K.
The ion beam passes through a 4 mm skimmer, is then collimated in a radio frequency (RF)
decapole ion guide filled with He gas and mass-selected using a quadrupole mass-filter. The
beam is then deflected by 90° with an electrostatic quadrupole ion deflector and focused into a
RF ring-electrode ion-trap, held at 15 K and continuously filled with pure D, gas. Trapped ions
are accumulated, thermalized, and messenger-tagged™ through collisions with the buffer gas.

All ions are extracted from the trap at 5 Hz and are focused into the center of the extraction
region of an orthogonal time-of-flight (TOF) mass spectrometer. Here, the ion packet is
irradiated with a single Fritz Haber Institute Free-Electron Laser (FHI FEL) macropulse (~10 us
pulse length). The FHI FEL is tuned from 400 to 1200 cm™' with a bandwidth of ca. 0.3% root
mean square of the central wavelength and pulse energies of ~0.1 to 2 mJ. The TOF intensities of

all ions are monitored simultaneously as the FEL wavelength is scanned from 400 to 1200 cm ™'



in 3 cm™' steps; for each wavelength step, ~30 TOF traces are acquired and averaged. Typically,
at least three scans are summed, the photodissociation cross section ojrpp IS determined as

31, 32

described previously, and the data obtained in separately scanned ranges are stitched

together to obtain the final IRPD spectrum.

Computational Methods

DFT and coupled cluster calculations using the Turbomole program package 7.3%* 3

were
done for four low energy isomers identified by a genetic algorithm in a former study.?’ All
structures were re-optimized with DFT employing a triple-zeta basis set with polarization
functions (def2-TZVPP).** * Simulated IR spectra result from harmonic vibrational frequency
calculations based on analytical second derivatives.*” Three different exchange-correlation
functionals were employed: PBE® *° (generalized gradient approximation, GGA), B3LYP*#
(hybrid-GGA) and TPSSh* (hybrid-meta-GGA).

Coupled cluster numbers rely on unrestricted Hartree-Fock (UHF) reference functions and
include single, double and perturbative triple substitutions, labeled CCSD(T).** Single point
calculations with the def2-TZVPP basis set were done at the TPSSh structures. All calculations
made use of the resolution of the identity approximation for the evaluation of the Coulomb term
(RI-J).45' 46

For a better comparison with the experimental findings, the calculated stick spectra were
convoluted with Gaussian line shapes with a full width at half maximum (FWHM) of 15 cm™'
and the cosine similarity score,?® S, for the agreement between a particular simulated spectrum

and the IRPD result was calculated as in previous studies:*" **
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The vectors A and B contain the normalized calculated and measured IR intensities,
respectively, sampled on the same wavelength grid. S can be interpreted as the normalized cross-
correlation of A and B with a displacement of zero, or as their normalized discrete overlap
integral. In principle, it can take values between —1 and 1, but only values between 0 and 1
appear in application since the IR intensities in A and B are all positive.

The influence of the D, tag on the DFT spectra is shown in Fig. S1. Except for a slight shift of
a band around 600 cm ™ in the spectrum of 4c no significant changes occur. Hence, all shown

calculated spectra and energies refer to the untagged isomers.

Results

The IRPD spectrum of D,-tagged TisO19 is given in Fig. 2B. In the spectral region from 400
to 1250 cm™ it shows more than 13 features, which are labeled with A to N. Band positions and
assignments are listed in Table 1. The highest energy feature is found at 1121 cm™" (A). Its
position together with a low IR intensity is characteristic for the presence of a superoxo group.*®
Next in energy are two more intense bands at 986 cm™' (B) and 968 cm™' (C), a region that is
associated with terminal titanium oxo bonds (Ti=0).” Most of the IR activity is observed
between 890 cm ™' and 780 cm' yielding a series of four bands (D-G) of which band F is the
broadest (~30 cm™' FWHM) and also the most intense of all observed bands. Below 750 cm™ at
least six narrower (5-15cm™") and less intense IR peaks (H-N) are observed. Their width is
limited by the spectral width of the excitation laser, confirming that the D,-tagged Ti,Oy are
sufficiently cold. Summarizing, the larger number of IR active bands is rather surprising in the

light of the much simpler previously predicted IR spectra.?” ?? Clearly, the present IR spectrum



cannot be exclusively associated with a highly symmetric species like 4d that was originally

assigned based on a comparison to the IRMPD spectrum of bare Ti4O19 , depicted in Fig. 2A.
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Figure 2. Comparison of (A) the IRMPD of bare Ti;O19 (from Ref. 22) and (B) the IRPD
spectrum of D,-tagged TisO10 (present study) to the calculated spectra (C-F) of the four most
stable isomers 4a — 4d. The relative CCSD(T) energies are given in kJ mol™" (see Table 2). The

superoxo band of the calculated spectra was scaled with the factor 0.9356.



Comparison of the present, well-resolved IRPD spectrum of D,-tagged TisO;0 to the
previously measured, rather structureless IRMPD spectrum of bare TisO5 yields some
additional insights. Note, IR absorption is observed in similar (but not identical) spectral regions
in both types of spectra. Namely, the IRPD bands B and C (1000-950 cm™), D to G (890-
750cm™) and H to M (750-560 cm™') correlate well with the three main IRMPD features
extending from 990-940 cm™', 990-770 cm™' and 730-560 cm'. Also, the relative intensities of
these three features mimic the overall IRPD intensities pattern, suggesting that indeed the same
TisO10 species was probed in the two experiments. However, band A can only be found in the
IRPD spectrum. The spectral range up to 1400 cm™' was taken into consideration in the primary
IRMPD measurements and no IR absorption was found above 1000 cm .

Differences in the two spectra are related predominantly to the different dissociation channels
monitored, D,-loss (IRPD) vs. TiOs-loss (IRMPD), and hence the amount of energy that needs to
be absorbed to induce photodissociation. In the IRPD case, Ti4O10 -D2; — TisO19 + D, requires
less than 8 kJ mol™!, while the IRMPD case, TisO19 — TisO; + TiOs, requires more than 250
kJ mol ™', probably up to 500 kJ mol™'. Only the messenger technique therefore allows to probe
in the linear absorption spectrum over large parts of the IR spectral range, while the cross section
measured in the IRMPD experiment is governed by the nature of the multiple photon absorption
process.”” *! This can lead to significant discrepancies between the measured IRMPD vs. the
calculated IR intensities. Band A (superoxo stretching) is an example for such a discrepancy,

sometimes referred to as a so-called IRMPD-transparent band,*" 2

which typically results from a
change in the fundamental frequency upon heating,?’ a change in the transition dipole moment
upon heating,>® the presence of uncoupled oscillators® or also non-statistical mode-specific

fragmentation.>®> Consequently, such effects, which were not fully understood at the time of
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publication of the original IRMPD spectrum, need to be considered when making structure
assignments based on the analysis of IRMPD bands which involve the absorption of many IR
photons.

The difference in the average internal energy content of the ions prior to IR irradiation also
needs to be considered. Note, the ion trap temperature (IRMPD: 17 K, IRPD: 15 K) and buffer
gas pressure are similar in the two experiments, suggesting similar ion internal energies.
However, formation (and dissociation) of messenger complexes in the present experiment results
in an additional cooling mechanism, yielding colder ions as well as preventing hotter ones from
being probed.** 3 Thus, the slightly hotter ensemble in the original experiment may also

contribute to broadening of the IRMPD bands.

Table 1. Harmonic TPSSh/def2-TZVPP vibrational frequencies (in cm™) of four TisO1
isomers grouped according to the nature of the normal modes.* Experimental vibrational

frequencies (cm ') are also shown and assigned accordingly.

Isomer/ o-O Ti=0¢ H2/3-O 0O;...(Ti,Og)
SPECIIrUM  giretching®  stretching stretching & bending stretching
4a 1116 1005,988 821, 796, 730, 713, 675, 665, 619, 563 529
4b 1112 994,975 877, 869, 864, 741, 720, 647, 616, 542 520
4c 1111 1004, 981 864, 815, 783, 736, 670, 643, 614, 604 549

4d 980 832, 828, 673, 636, 625, 596, 579
o gy S5 WOSEOEOMOIE oy
IRMPD® 967 885, 828, 718, 666, 597
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2 Scaled with f = 0.9356 derived from gas phase O, see SI, Tab. S1. ® Present study. ¢ From
Ref. 22. ¢ Ti-Oy stretching

For the structure determination of the Ti;O19 cluster based on the present IRPD spectrum the
same low energy isomers (Fig. 1) were taken into account that were used in the previous
assignment of the IRMPD spectrum.?® Their calculated IR spectra (TPSSh/def2-TZVPP) are
shown in Fig. 2C — F (see Fig. S3 for B3LYP results). Consideration of the D, tag leaves the IR
spectra nearly unchanged (cf. Fig. S1). The relative stabilities (Table 2) of the four isomers were
determined with three different exchange-correlation functionals (B3LYP, PBE and TPSSh) and
with CCSD(T). For all considered systems, the Ty, D; and %TAE diagnostics™ are well below
the thresholds for non-negligible multi-referential character (Tab. S1) due to almost empty Ti d-
shells. This allows for a reliable treatment with single-reference methods such as coupled cluster.

CCSD(T) predicts isomer 4a to be the global minimum-energy structure, closely followed by
4c (+5 kd mol™). DFT agrees on the global minimum; the difference to 4c is overestimated by 2
— 4 kJ mol™" only. For the stability difference between the 4d structure with three Ti—O"~ bonds
and 4a, CCSD(T) yields a much larger value (122 kJ mol™*) than B3LYP (71 kJ mol™) which
was used in the previous TisO0 studies.” 2 The increasing deviations of PBE, TPSSh, and
B3LYP from CCSD(T), —2, —21, and —51 kmol™, respectively, follow the increasing
admixture of Fock exchange (0%, 10%, and 20%, respectively) which favors localized electrons

(radicals).

Table 2. Relative energies (kJ mol™) of isomers 4a — 4d of Ti;Oy, obtained with the B3LYP,

PBE and TPSSh functionals. Energies including zero-point vibrational energies are given in
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parenthesis when available. CCSD(T) numbers are single point calculations at the TPSSh

structures. Basis set: def2-TZVPP.

Iso  State B3LYP PBE TPSSh CCSD(T)
da  2A” (G 0 (0 0 (0) 0 (0 0
4b  2A” (G 3 (3 10 (10) 23 (23) 20
4 *A(Cy) 8 (8) 7 (7 9 (10) 5
4d ‘E(Ca) 71 (64) 120 (106) 101 (94) 122
4d  *A(Cy) 71 (64) 124 (110) 102 (94) 122

The calculated IR spectra of the energetically disfavored isomers 4b and 4d (Figs. 2D and 2F,
respectively) feature a rather small number of intense bands due to the high symmetry of their
basic cage structure. This does not agree with the measured IRPD spectrum. Neither 4b nor 4d,
for instance, can account for band G. Although it cannot be ruled out that both isomers have a
minor contribution to the measured spectrum, the overall appearance of the spectrum is
reproduced neither by each of them alone nor by a mixture of both as was suggested
previously.?

The IR spectrum of the most stable isomer 4a, instead, is a much better fit with respect to both
band position and intensity (cf. Fig. 2 and Table 1). However, bands D and E are not reproduced.
A similar picture arises for the predicted spectrum of 4c: except for band D there is agreement
with the measurement. Unlike 4a, there are some mismatches concerning the intensity ratios
between the bands, especially the predicted intensities of bands E (too high) and B (to low) differ
from the experiment. Comparing IRPD bands B and C, however, reveals that C is broader than B

indicating an intensity difference of both signals in line with the DFT calculation.
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Based on previous experience®® °" *°

the frequency of the superoxo stretching band of 4a, 4b
and 4c has been scaled with a factor 0.9356 derived from gas phase O, , see Sl, Table S1.
Frequency scaling is common practice to account for systematic errors of quantum chemical
force constant calculations. Hybrid functionals as used here yield too short bonds and too large
harmonic force constants and, hence, require scale factors smaller than one.*® ®°After scaling, the

superoxo frequencies predicted for 4a, 4b and 4c agree within 10 cm™ with experiment

(1121 cm™, band A).

Table 3. Cosine similarity scores of the IRPD spectrum and the calculated spectra of the isomers

4a — 4d obtained with TPSSh and B3LYP (unscaled wavenumbers, def2-TZVPP).

Iso TPSSh  B3LYP

4a 0.52 0.45
4b 0.33 0.32
4c 0.73 0.64
4d 0.51 0.28

A quantitative measure of the similarity of the predicted and the IRPD spectra is the cosine
similarity score, which is the normalized discrete overlap of the two considered spectra (see
section Computational Methods for details). It can take values between 0 and 1, where 1 means
perfect agreement. Table 3 shows the scores for the IRPD spectrum (this work) and Table S2
those for the IRMPD? spectrum. The former is compared to the unscaled TPSSh and B3LYP

spectra reported in this work. For the latter one the scores are given for the B3LYP spectra
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obtained in the former studies (Refs. 20, 22). The superoxo band was not included when
calculating the scores.

At the TPSSh level 4c reaches the highest score with a value of 0.73, followed by 4a with
0.52. The match between 4d and the IRPD spectrum is similar to the one of 4a with a value of
0.51 and the least similarity is found for 4b with only 0.32. By global scaling of the TPSSh
wavenumbers with a factor between 0.9 and 1.1 in order to maximize the score, the qualitative
picture is retained. Since the "optimal” global scaling factor would be 0.99 we decided to stick to
the unscaled TPSSh spectra. The B3LYP results for 4b and 4d show even less agreement
between experiment and calculation. The slightly smaller scores for 4c and 4a compared to
TPSSh result from the small blue-shift of all signals (away from the experimental band positions)
due to the higher amount of admixed Fock-exchange in B3LYP and the resulting increase of the
force constants.

A plot of the cosine similarity score of the four isomers against the wavenumber can be found
in Fig. S4. It illustrates why the spectrum of isomer 4c exhibits the highest score: it shows
agreement across large parts of the IR spectral range probed, while the spectra of the other
isomers only agree in narrower spectral ranges. The figure also demonstrates that the highest
energy band, which is assigned to the superoxo species, does not contribute to the score when it
is unscaled. This exemplifies the limits of this very simple indicator: the “chemically” most
characteristic band in the spectrum cannot be considered. Moreover, its use in conjunction with
IRMPD spectra is less reliable than with IRPD spectra. For example, the scoring with respect to
the IRMPD spectrum is severely affected by the application of a global scaling factor to the

calculated wavenumbers as can be seen in Table S3: global scaling leads to a complete reversal
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of the order of scores for the agreement of the IRMPD spectrum with the B3LYP/def2-TZVP
calculations.

Overall, the current IRPD spectrum of TisO19 -D, shows a rich structure pointing to low
spatial symmetry. The comparison with the DFT spectra and relative stabilities of 4a — 4d
confirms this assumption: the highly symmetric (Cs,) tri-radical 4d is not only much higher in
energy than the C4/C; isomers 4a/4c. It also has a very limited number of IR signals, in clear
disagreement with the experiment. Whereas the IRPD spectrum shows better agreement with the
prediction for isomer 4c than for 4a (Fig. 2 and Table 3), isomer 4a is slightly more stable than
4c (Table 2). However, the energy difference of 7 — 9 kJ mol™* for DFT and 5 kJ mol™ for
CCSD(T), see Table 2, is within the uncertainty limits of the calculations. It is also possible that
both isomers coexist in experiment, which would result in a superposition of their IR features.
The TPSSh spectrum for a 50:50 mixture (Fig. S2) reaches a cosine similarity score of 0.71,
close to the value of 4c alone (0.73, Table 3). Hence, it remains undecided which of the closely
related superoxo structures 4a and 4c dominates in the observed IRPD spectrum, or if it results
from an even mixture. But there is no doubt that the species in question contain a terminal n?-

superoxo group, a fact on which experiment and theory agree.

Conclusion

Progress in natural science comes with new methods. Our study shows that passing in
experiment from multiple photon dissociation of the bare anion to single photon dissociation of
the messenger-tagged anion, and in theory from local optimization of “intelligent design”
structure models to global structure optimization with an genetic algorithm changes the

assignment of the TisOy structure from a symmetric tetrahedral cage with terminal titanium-
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oxygen bonds (one Ti=0, three Ti—O"") to a less symmetric cage with two terminal Ti=O bonds
and one terminal superoxo species. At the current resolution of the IRPD spectra and the
uncertainty of the currently applicable quantum chemical methodology, an unambiguous

assignment to a single isomer is not yet possible.
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