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Abstract

The energetic demands of modern society for clean energy vectors (such as Hz) have caused a surge
in the research associated with homogeneous electrocatalysts that may replace Pt. In particular,
clathrochelates have shown excellent electrocatalytic properties for the hydrogen evolution reaction
(HER). However, the actual mechanism for the HER catalyzed by these important complexes
remains an open debate, which may be addressed via Operando spectroelectrochemistry. The
prediction of electrochemical properties via Density Functional Theory (DFT) needs access to
thermodynamic functions, which are only available after Hessian calculations. Unfortunately, there
is a notable lack in current literature regarding the precise evaluation of vibrational spectra of such
complexes, given their structural complexity and the associated tangled IR spectra. In this work, we
have performed a detailed theoretical and experimental analysis in a family of Co(ll)
clathrochelates, in order to establish univocally their IR pattern, and also the calculation
methodology which is adequate for such predictions. In summary, we have observed the presence of
multiple common bands shared by this organometallic family, using the B3LYP functional, the
LANL2DZ basis and effective core potentials (ECP) for heavy atoms. The most important issue
addressed in this article was therefore related to the detailed assignment of the fingerprint associated
with Co(ll) clathrochelates, which is a challenging endeavor due to the crowded nature of the
spectra.

Keywords: macrocyclic compounds, clathrochelates, cobalt complexes, IR spectra, vibrational
analysis, DFT.



1. Introduction

Energy is one of the main parts of human life and modern industry. Unfortunately, the energy crisis
increases as a result of the decrease in the sources of fossil fuels.! Therefore, new and clean energy
vectors are to be found nowadays. In this context Hz is considered as a clean fuel that is potentially
cost-effective because it comes from water or acidic aqueous solutions. The most promising cost-
effective transitional metals used in hydrogen evolution reaction (HER) catalysts are Fe, Co, Ni, Cu,
Mo and W. 23

Cage complexes (for example, clathrochelates #°) can be synthesized presenting Ni, Fe or Co as the
transition metal ion of the molecule,>*? while the macrobicyclic cobalt(Il) tris-a-dioximates
(Scheme 1) allow the fabrication of a broad and interesting family of metal complexes. Such
complexes have been highlighted*'® due to their efficiency as both homogeneous**° and
immobilized?®2 electrocatalysts for hydrogen production. These are also reported to be good
precatalysts for the deposition of highly catalytically-active metal>>2°. Their three-dimensional
macropolycyclic ligands with suitable electron-withdrawing substituents (especially halogen atoms)
in their ribbed chelating ligand are able to stabilize the low (probably, catalytically active) oxidation
states of their encapsulated transition metal ions (in particular, iron(l) and cobalt(l) oxidation
states?%26-28) 'which makes them unique candidates to be applied as molecular electrocatalysts for
the HER.1>Y

Indeed, the plausible general catalytic cycle of the clathrochelate-electrocatalyzed HER*® includes
a formation of the cobalt (I, 11, and Ill)-centered clathrochelate species. A detailed experimental
study of their electronic structure has been performed,? along with their immobilization on top of
Rh:SrTiOs photoelectrodes.?® According to a previous report,® a cobalt clathrochelate with the most
electron-withdrawing ribbed substituents has been found to have the lowest overpotential for the
process of producing hydrogen via the 2H*/H, pathway. In this context, the use of combined
theoretical Density Functional Theory (DFT) and spectral Electron paramagnetic resonance (EPR)
and X-ray photoelectron spectroscopy (XPS) studies have proven useful®®-32 to assess the electronic
structure of various cobalt clathrochelates.

Transition d-metal clathrochelates with encapsulated iron, ruthenium or cobalt(I1) ion are especially
promising electrocatalysts for the HER, when they are immobilized on the surface of the cathode of
a given water electrolyser.?? Surface functionalization via physisorption is reported?? to be the
easiest way to implement these macrobicyclic electrocatalysts and this process can be improved by
increasing the number of polyaromatic groups per cage molecule of these complexes. Specifically,
they can be adsorbed onto high-surface-area electrode materials and used as an alternative to
metallic Pt-containing electrocatalysts. 1?2 However, the exact catalytic mechanism of the d-metal-

electrocatalyzed HER in the case of the cobalt and iron complexes remains an open question.42533



Theoretical studies of the resting cobalt(Il) clathrochelates, are essential to shed light on the role of
these complexes towards the HER.! Indeed, DFT has a strong predicting capability to provide clues
for the improvement of various practical systems and industrial devices.3*% In particular, FTIR
spectroscopy methods allow to study in detail the aforementioned clathrochelate monolayers,
immobilized on a surface of various inorganic and organic supports (substrates), thus giving the
innovative hybrid organo-inorganic materials.*21’

Although multiple DFT studies have been performed earlier to address the geometry and electronic
structure of clathrochelates?>30-3237.38 3 comprehensive and systematic theoretical description of
their vibrational signature (characteristic normal modes and relative intensities of the bands),
combined with a thorough comparison to their IR patterns has not been reported been to date. This
work has therefore an importance that goes beyond the mere description of IR spectra, because the
prediction of redox potentials needs the calculation of thermodynamic functions, which are
available only after the calculation of the Hessian matrix. We aimed to apply high-level quantum-
chemical methods to combine the experimental IR spectra of these cobalt(ll) clathrochelates with
known XRD structures (Scheme 1), thus providing a complete description of their normal modes of
vibration. The analysis of Operando vibrational spectroscopy would require the precise knowledge
of the normal modes of the selected complexes aiming at establishing the fingerprint of possible
reactive intermediates.>®*#2 The findings of this work would be useful for any future research
regarding the vibrational spectroelectrochemistry of these compounds in Operando conditions, and
also to establish a clear methodology to predict the geometry and the standard redox potentials of
specific clathrochelate complexes. In summary, this work will set the experimental and theoretical
bases for the future detailed description of Operando vibrational spectroscopy of Co clathrochelates
under HER conditions.

2. Theoretical and experimental methods

2.1 Quantum-chemical calculations

The geometry of the cobalt(I1)-centered clathrochelate molecules under study (Scheme 1) and their
corresponding IR frequencies were theoretically calculated using the GAMESS program.**4* The
B3LYP exchange correlation functional, and the LANL2DZ basis set of double-§ quality with
effective core potentials (ECP) for cobalt and chlorine atoms were employed.*® The group $SCF
was added to introduce Pulay’s Direct inversion in the iterative subspace (DIIS) and Davidson’s
damping of the Fock matrix; moreover, DIIS was set from the beginning of the calculations using
the ETHRSH keyword, and increasing the energy threshold for DIIS from 0.5 Hartree to 10 Hartree.
Regarding the prediction of vibrational spectra, harmonic vibrational frequencies were computed

for all these molecules via Hessian calculations. Hessian calculations are typically controlled via the



$FORCE group, and all their parameters were kept with their default values. All eigenvalues of the
Hessian matrix were positive, indicating the structures were true minima. Anharmonic vibrational
frequencies were computed for one of these molecules with the keyword RUNTYP=VSCF in the
$CONTRL group. $HESS and $DIPDR groups were added to the input script from the previous
harmonic calculations. In all our calculations of vibrational frequencies we have used a scaling
factor of 1.00. All calculations reported herein were performed with a multiplicity of 2 for, which is
the spin multiplicity observed experimentally at room temperature for Co clathrochelates®® and
therefore Restricted Open-Shell Kohn-Sham wavefunctions were employed. We have performed
calculations in gas phase, in acetonitrile (AN) and in dimethylformamide (DMF), following the
Polarizable Continuum Model - Solvation Model Density (PCM-SMD) formalism,*® as
implemented in GAMESS. PCM computes the interaction of electrostatic nature between the
solvent treated as a continuum dielectric, and the wavefunction of the solute which is represented
via its electron density. The classical PCM approach does not consider some contributions to the
calculation of solvation energy, that comprise the energy associated to the creation of a hole in the
solvent (known as cavitation energy) or the dispersion interactions between the solvent and the
solute; these corrections are embodied in a parametric way in the SMD approach, as described in
detail in the specialized literature.*® A typical GAMESS input file is provided for Co(2+)@L6 at the
end of the supporting information.

Table 1. The types and the nature of the substituents at a diboron-capped cobalt(l1)-centered tris-o.-

dioximate cage framework in the clathrochelate molecules under study

Complex Apical (A) Ribbed (R)
(C02+)@ L1 meta-C¢HsCOOH (CH2)a
(C02+)@ L2 n-C4Hg (CH2)4
(C02+)@ L3 n-C4sHgq H
(Co*)@L4 n-CaHs CoHs
(C02+)@ L5 n-C4sHgq CHs
(Co*)@L6 F CHs
(Co*)@L7 CHs cl
(Co*)@L8 CeHs cl

(Co™)@L9 CeFs Cl
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Scheme 1. Chemical drawings and the single crystal XRD structures obtained from the cobalt(Il)

complexes under study (For detailed XRD structures see Figure S1).

2.2 Materials and IR measurements

Cobalt(ll) complexes under study with known XRD structures were prepared as described

elsewhere.*’*0 IR spectra were recorded in the range 400 — 4000 cm™ with a VERTEX 70v

Fourier-transform IR spectrophotometer by the attenuated total reflection (ATR) method using a

Pike Glady ATR adapter with a diamond crystal. The spectral resolution was equal to 4 cm™ and

each spectra was acquired after 64 scans. The spectra were directly obtained from the powder

samples of the complexes under study without their pretreatment. Measured ATR spectra were

corrected using the OPUS 7 software to treat the wavelength dependences of a radiation penetration

depth into the sample.



3. Results and Discussion

Prediction of molecular geometries

Table 2 allows us to compare the DFT-calculated Co—N distances in the cobalt(Il)-centered cage
molecules under study with those experimentally XRD-obtained. Their low-spin Co?" ion with
electronic d’ configuration is shifted from the centrum of its CoNs-coordination polyhedron. Values
of the intramolecular B---Co--B angle y, also compiled in this Table, were used to illustrate the
Jan—Teller (JT) structural distortion. The obtained theoretical results were compared with the
known XRD data, suggesting that the use of the B3LYP functional resulted in the slightly
overestimated bond distances. Such as slight overestimation of Co-N bond distances was essentially
the same after calculations in the gas phase, AN and DMF (Table S1), indicating that the simulation
environment around the complex had negligible influence on the estimated structural parameters.
The aforementioned structural effect, which can be also characterized by the value of y, caused a
shift of the encapsulated Co?* ion in a direction of one of the three chelate a-dioximate ligand
fragments. As a result, the corresponding CoN4'N2"-coordination polyhedron is formed. This fact
is adequately reproduced by calculations with the B3LYP functional. On the other hand, such JT-
distorted geometry in the solid state is not necessary to be the same as that in solution. The X-ray
structure of the (Co?")@L1 complex is not solved. However, Table 2 shows the excellent agreement
between the experimental and the DFT-predicted Co-N bond distance; such an excellent agreement
shows that our calculation methodology is adequate for the structural description of this family of

complexes.

Table 2. Main calculated and experimental (in parentheses) geometrical parameters of a cage

framework in the cobalt(Il) clathrochelates under study.

(Co*)@L1 (Co*)@L2 (Co*)@L3 (Co?)@L4 (Co*)@L5 (Co*)@L6 (Co*)@L7 (Co?*)@L8 (Co*)@L9
2.15 2.15
Co-N1 (A) 216 2.16(2.06) 2.15(2.11) 2.17 (2.14) 213 won) 2.15(2.14) 2.16 (2.01) 2.16 (2.03)
2.14 2.13
Co-N2 (&) 215  215(2.02) 2.15(2.10) 2.15(2.10) 212 o) 212 (2.14) 2.16(2.01) 2.16 (2.03)
Co-N3 (&) 197  1.97(1.92) 1.97(1.90) 2.00 (1.94) 198 200 1.96 (1.92) 1.99 (2.00) 1.99 (2.01)
(1.89) (1.97)
1.92 1.91
Co-N4 (&) 191  1.91(1.88) 1.92(1.90) 1.92(1.89) (159 Lo 1.89 (1.90) 1.93(1.99) 1.93 (1.96)
1.92 1.93
Co-N5 (&) 191  1.91(1.88) 1.92(1.89) 1.93(1.89) (L59) o) 1.93(1.90) 1,93 (1.99) 1,93 (1.96)
A 1.97 1.96
Co-N6 (&) 196  1.96(1.89) 1.97(1.90) 1.98(1.93) (159) o) 1.94(1.92) 1.99 (2.00) 1.99 (2.01)
¥ (B..Co...B) 172 172 (174) 173 (173) 174(174) 173(172) 174 (180) 174 (172) 173(179) 173 (178)
{deg}




Comparison of the experimental and theoretical (DFT) IR spectra

The experimental bands are summarized in Table 3 and in Table S2. The vibrational frequencies of

clathrochelate molecules under study were calculated using the GAMESS program*® and their IR

spectra were subsequently processed with the Gabedit program (version 2.4.8).>! The line spectra

obtained from GAMESS were convolved in Gabedit using Lorenzian lineshapes using a full width

at half maximum (FWHM) of 20 cm™.

Table 3. Compilation of selected normal modes for each clathrochelate studied in this work. Each normal

mode may be classified as ring deformation (RD), wagging (W), scissors (S), rocking (R) and twisting (T).

Wa‘(’sgqg‘ber 579 774 832 870 926 994 1061 1222 1263 1666
Co@L1
&%c=N YB-0 2 &°N-0 d8-0 &%c=N
Mode YN-O S (W) v¥8.0 R) S) VN-O [R) VB-C V=0
Wa"(irgﬂ;“ber 588 709 769 838 952 999 1061 1126 1407 1624
Co@L2
YB-0 ON-0 On-0 as On-0 ) _ S
Mode YN-O M T ) v¥B.0 R) VN-O vyB-O vC=N Vic=N
Wa‘(’gr?ﬁ{;ber 698 830 942 1048 1115 1525 1639
Co@L3
v*B-0
Mode (W) YB-0 v¥o  VN-O ViN-0 vC=N vC=N
Wa‘(’gg]‘f{;‘ber 511 713 810 859 926 953 1091 1340 1598
Co@L4
YB-0 Ye=N YB-0 ON-0 2 : dc=N 5
Mode W) &) M 4B-0 S) v®g.0 vN-O ©) VC=N
Wa‘(’gg]‘f{;‘ber 628 758 770 927 949 968 1093 1138 1633
Co@L5
S as_
Mode }E.BIJ)O 0%B.0 0B-0 6(2")0 v¥g.0 O°N-0 VB-0 o (g)_ N VC=N
Wa‘(’sr?]‘f{;‘ber 814 818 932 947 1095 1152 1646
Co@L6
&N-0 as
Bond oB-0 dc=N v¥g.0 VN-O dc=N VC=N
Wavenumber g4y 918 995 1132 1346 1600
Co@L7 (em™)
Mode dB-0 dn.0 6%B-0 VN-O dc=N VC=N

©®)



Wavenumber

(cm™) 795 837 864 950 1018 1124 1264 1303 1599
Co@LS8
Mode \Eq;) YB-0 YB-0 VB-0 &N-0 VN-O VB-C 8((:5)’\‘ VC=N
Wa‘("f;lf{;ber 730 855 881 908 1021 1119 1305 1602
Co@L9
Mode z\?\';; YB-0 dB-0 FE’\I‘?;) VN-O VB-0 dc=N Ve=N

It is worth noting that their tangled structure suggests that anharmonic potentials might be necessary
for their vibrational description. We proceeded then to calculate the IR spectra of a complex taking
into account their anharmonicity. It is interesting the case of (Co?")@L3 where we observed an
excellent agreement between the harmonic and anharmonic approximations, regarding the
prediction of normal modes (see in Supplementary Information (SI) Figure S3). This shows that the
harmonic approximation is enough for the vibrational description of clathrochelates; consequently,
the rest of the analyses presented herein were performed under the harmonic approximation.

We further performed calculations in gas phase, AN and DMF with the selected complexes
(Co?")@L8 and (Co*")@L9. Figure S4 and S5 show the comparison of the predicted IR spectra in
these three media, which were essentially the same and therefore we continued all our analyses
using DMF as the surrounding medium for each complex. It is interesting to observe the excellent
agreement between our theoretical approach and the experiment, considering that the experiment
was performed in solid state and the theory was carried out with the discrete complex. It has been
stated that the molecular environment in the solid state may be mimicked via the inclusion of
continuum solvation, which proved to be successful in the framework of Mdsshauer spectroscopy .
In our case, the agreement between experiment (in solid state) and theory (isolated molecule with
and without continuum solvation) expresses that the normal modes are not affected by any
supramolecular interaction between nearby complexes.

As an example, the normal modes of the cobalt(11)-centered cage framework (Co?")@L2 is depicted
in Fig. 1. The comparison between the experimental spectrum and the calculated normal modes
allowed us to assign the corresponding bands. The numbers from 1 to 10 represent the most intense
normal modes corresponding to the observed experimental bands. The rest of the theoretical IR
spectra of all cobalt(I) complexes under study are presented in Sl section Figure S2. The
corresponding wavenumber for each of the normal modes, and the mode assignment (main bonds
involved and additional normal modes are compiled in Table S2). In the exampling clathrochelate
molecule (Co?")@L2 shown Fig. 2 demonstrates a normal modes of the B—O bond in the tripodal

cross-linking fragment of this macrobicyclic molecule that is coupled with the Csp®*~H bonds of its



cyclohexane ribbed moieties and of its n-butyl apical substituents at a cage framework as well. All
the normal modes for each of the cobalt(ll) clathrochelates under study are presented in Sl section
(Figure S6).
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Figure 1. Comparison of the experimental and DFT-calculated IR spectra of the clathrochelate
CoNx3(Bn-C4Hg). {(Co*")@L2}.

Analysis of IR spectra

The spectra contain the fingerprint bands characteristic of a given type of cage complexes, the
similarities, and differences in the IR spectra of these macrobicyclic analogs can be analyzed. It is
worth to express that the fingerprint region spans within the range 1500 and 500 cm™2, but we will
extend our analysis to the whole IR spectrum, bearing in mind that the less evident spectral
assignments are involved with the fingerprint region. Based on the data compiled in Table 1, several
comparisons for the clathrochelate molecules with the same apical or ribbed substituents (Figs. 3 —

6) can be made. All IR spectra can see in Sl (Figure S2).
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Figure 2. Example of a normal mode for the molecule CoNx3(Bn-CsHg). {(Co?")@L2} at 1070 cm™

L Its ve_o where the coupled Scsps-+ (A)+ dcsps-+ (R) normal modes may be observed.

In particular, the molecules (Co?")@L1 and (Co?")@L2 have the same ribbed substituents, but the
different apical groups at their capping boron atoms. The values of main covalent bonds, as well as
that of the angle y, are similar. Their common bands shown in Fig. 3 in the same macrobicyclic
framework are yn_o (579 — 588 cm™), y8-0 (709 — 832 cm™?), vg_o (870 — 952 cm™), dn-o (926 — 999
cm ), vn-o (1061 cm™?) and ve-n (1624 — 1666 cm1). Besides, these complexes belong to a broad
family of the tris-a-dioximate clathrochelates sharing their IR spectra characteristic stretching and
deformation vibrational bands related to their covalent N-O and C=N bonds, the spectrum of
(Co?")@L1 also contains a unigque signature, i.e. dc=n (774 and 1222 cm™), dgo (994 cm™), vec
(1263 cm™) and vc-o0 (1666 cm™) bands. IR spectrum of (Co?*)@L2 contains the characteristic
bands dn-o (769 and 838 cm™?), ys_o (1126 cm™?) and vc-n (1407 and 1624 cm™2).



(Co™y@L1

Experimental
—— Calculated

(Co™)@L2

1800 1600 1400 1200 1000 800 600 400
v (ecm™
Figure 3. Comparison of the experimental and DFT-calculated IR spectra of the clathrochelates
CoNxs(Bmema-CeHaCOOH), {(Co?")@L1} and CoNx3(Bn-CsHg), {(Co*")@L2}.

Molecules (Co?")@L2, (Co*)@L3, (Co?*")@L4 and (Co*")@L5 contain the same apical groups,
but different ribbed substituents. As follows from the data compiled in Table 2 and Fig. 4. The IR
spectrum of the complex (Co?")@L4 is blue-shifted, as compared with the spectra of other
clathrochelates of this row (probably, because of the electromeric effect of its ribbed aromatic
substituents). IR spectra of all of them contain three common stretching vibration bands vg_o (942 —
953 cm™), vnoo (1048 — 1091 cm™) and ve=n (1598 — 1639 cm™). Those of the complexes
(Co*H@L2, (Co*")@L3 and (Co?")@L4 contain the common band of the same type, such as ys_o
(698 — 810 cm™), while the spectra of (Co?)@L2, (Co*)@L3 and (Co*")@L5 showed the
common deformation band dn-o in the range 926 — 999 cm™. Complexes (Co?")@L4 and
(Co*")@L5 have the common stretching vibration band ys_o (511 — 628 cm™) and the deformation
band dc=n (1138 — 1340 cm™) as well. The spectrum of (Co*")@L3 contains the characteristic o-
dioximate bands vn_o (1115 cm™) and vc=n (1525 cm™). In the case of (Co?")@L4, its IR spectrum
contains yc=n (713 cm™) and ds-o (810 cm™?), while that of (Co?")@L5 demonstrates a doubled

deformation ds_o (758 and 770 cm™) and stretching vibration vs_o (1093 cm™) bands.
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Figure 4. Comparison of the experimental and DFT-calculated IR spectra of the clathrochelates
CoNx3(Bn-C4Hg)2 {(Co*")@L2}, CoGms(Bn-CaHs). {(Co*)@L3}, CoBds(Bn-CsHg), {(Co*")@L4}
and CoDm3(Bn-C4Hg). {(Co?")@L5}.

The molecules (Co?*)@L5 and (Co**)@L6 have the same ribbed substituents, but different apical
groups. The position of the stretching vibration and deformation bonds, characteristic of their cage
framework, are similar; the values of their angle y are also similar. The corresponding IR spectra
shown in Fig.5 contain the common bands ds_o (758 — 814 cm™), dn-o (927 — 968 cm™), ve_o (947
—949 cm™), dc=n (1138- 1152 cm?) and ve=n (1633— 1646 cm™). The spectrum of (Co?")@L5 also



contains one more deformation band yg_o at 628 cm=. The spectrum of (Co?")@L6 also contains

one more deformation band dc=n at 818 cm™.
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Figure 5. Comparison of the experimental and DFT-calculated IR spectra of the clathrochelates
CoDm3(Bn-CsHo). {(Co?")@L5} and CoDms(BF), {(Co?*")@L6}.

Clathrochelates (Co*")@L7, (Co*)@L8 and (Co?")@L9 have the same ribbed groups, but the
different substituents in their chelating a-dioximate fragments. The main bands in the IR spectrum
of the complex (Co?")@L7 are slightly shifted to the high frequency region, as compared with those
of other aforementioned clathrochelates (Table 2 and Fig. 6). This fact can be caused, probably, by
the inductive effect of its apical methyl groups (the Tuft’s o1 constant for this group is equal to —
0.05), whereas those for the aromatic CeHs- and CsFs- groups are positive (+0.10 and +1.50,
respectively). Their IR spectra contain the common bands dn-o (908 — 1018 cm™), wn_o (1021 —
1132 cm™), dc=n (1303 — 1346 cm™) and ve-n (1599 — 1602 cm™). Those of (Co?")@L7 and
(Co?")@L9 showed the common deformation band ds_o in the range 881 — 995 cm™. The spectra of
(Co*")@L8 and (Co*")@L9 have the common characteristic stretching vibration bands ys_o (730 —
837 cm and 855 — 864 cm™?), while that of (Co?")@L7 contains its own deformation band dgs_o at
804 cm™2. IR spectrum of (Co?")@L8 also contains the characteristic stretching vibration bands yn-o
(795 cm™), yso (864 cm™), vso (950 cm™) and vec (1264 cm™). Those for the complex



(Co*"@L9 are ys_o (855 cm™) and ve_o (1119 cm™). A doubling of each of the stretching vibration
or deformation IR band, assigned to the boron-containing bond, should be noted. This effect is

probably caused by the presence of amounts of 20/80 of its two natural isotopes.
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Figure 6. Comparison of the experimental and DFT-calculated IR spectra of the clathrochelates
Co(Cl2Gm)3(BCHs)2 {(Co?")@L7}, Co(Cl.Gm)3(BCeHs)2 {(Co?")@L8} and Co(Cl.Gm)s(BCeFs)2
{(Co*H@L9}.

In the case of IR spectra of the macrobicyclic cobalt(ll) tris-nioximates (Co*")@L1 and (Co*")@L2,
the position of yn-o for the latter n-butylboron-capped complex is slightly higher than that in the
spectrum of its analog with apical aromatic groups because the molecule (Co?>")@L2 has a higher
number of the coupled vibrations. Comparing the IR spectra of the complexes (Co?")@L2 and
(Co*)@L3, the stretching vibration vc-n for the former clathrochelate has a slightly higher value
because the coupled vibrations are absent in the molecule (Co?")@L3, whereas those with dn_c=n
are present. In the case of the complexes (Co?")@L4 and (Co?")@L5, the wavenumber of yg_o in
the spectrum of the cobalt(ll) tris-dimetylglyoximate (Co*)@L5 is higher because of a higher
number of the coupled vibrations.

In the case of (Co?")@L5 and (Co*")@L6, ds-o both present the common CHs group as ribbed
substituent. However, in the case of (Co?")@L5 the mode with the lowest value because the n-butyl
group presents a higher reduced mass of the mode. Regarding (Co?*)@L6, it could be due to an

inductive electronic effect by the halogen (F), increasing the strength of the bond constant and the



wavenumber respectively.

Comparing the spectra of (Co?)@L8 and (Co*")@LJ9, a slightly higher value of ygo in the
spectrum of the latter complex, as compared with that of the former clathrochelate, can be explained
by the strong electron-withdrawing effect of the apical perfluoroaryl substituents in the molecule
(Co?")@L9. This caused an increase in the corresponding bond strength constant.

The calculation of IR spectra has been undertaken before in the literature with other basis sets and
functionals. See Table S3 for a compilation of previous work regarding this endeavor. A
comparison of our results to those presented in Table S3 shows that the use of scaling factors
different than 1.00 remains a necessity in multiple cases, and that the harmonic approximation
remains the dominant approach to predict vibrational normal modes. Moreover, basis sets of
double-§ quality are adequate in many systems for Hessian calculations.

As expressed in the introduction, the calculation of IR spectra permits to estimate the absolute
thermodynamic functions for a precise oxidation state. In order to predict the redox potential of a

species between two oxidation states the following expression applies

—-AGY,(O[R)
Egps(0|R) = —abso® (1)

Where E2,.(O|R) is the absolute redox potential for the transformation O + ne™ = R ;
AGS,.(O|R) represents the absolute Gibbs free energy change for such redox reaction; F is the
constant of Faraday and n represents the number of exchanged electrons.

Such E2,.(O|R) must be referred to a reference reaction, which may be performed in different ways:
some researchers refer to theoretical value of E2,c(O|R) to the absolute potential of the Standard
Hydrogen Electrode (SHE), but this approach has the disadvantage of the different values that such
value presents in the literature, within the range of 4.281°% to 4.44% V. This shows that the mere
selection of the reference may introduce an error of 200 mV in the estimation. Other authors choose
to calibrate their computational approach by optimizing a molecule (typically ferrocene, i.e., the
Fc|Fc* couple) at the same level of theory than the O|R couple and use equation 1 to predict a
theoretical EQ, (Fc|Fc*); then the predicted redox potential EJ, (O|R) is referred to the
ES,(Fc|Fc*) which permits to know if E2,c(O|R) is positive or negative with regard to
E2ps(Fc|Fc™) and how much.?! In the case of non-agueous electrochemistry and the use of aqueous
references, appropriate account of the liquid junction potential is essential as well. A third approach
is to compute Born-Haber cycles of gaseous and solvent-optimized structures in different redox
states,>>* thereby giving access to —AG?,(0|R). Providing further details falls outside the scope
of the present work, but excellent and comprehensive reviews exist®” and the interested reader is
invited to delve into specific literature. 5%

In summary, the pattern shown in Fig. 7 was obtained by analyzing of IR spectra of all the cobalt(l1)



clathrochelates under study (Table 1), of their calculated normal modes (Fable-S2), and of all the
aforementioned information and its explanations. It is worth to highlight the agreement between
experiment, performed in solid state, and theory, calculated in a DMF environment. This might
suggest that the clathrochelates do not suffer important structural distortions upon their dissolution
in DMF, but such assertion needs to be supported by experimental IR determinations in DMF.

The ys-o modes (shown in magenta) fall in the range 698 — 837 cm™, maxima of ds_o (shown in
orange) are in the ranges 758 — 814 cm* and 859 — 995 cm™, while those of vs_o (shown in active
blue) are between 870 and 953 cm™. Maxima of dn_o (shown in wine) are between 908 and 1018
cm and those of vn-o (shown in dark yellow) fall in the range 1048 — 1132 cm™. The deformation
vibration band dc=n (shown in blue) is found between 1138 and 1346 cm™, while maxima of vc=n
(shown in olive) fall in the range 1598 — 1666 cm*. The most important finding of this work is
therefore the precise determination of the fingerprint of Co(ll) clathrochelates, as depicted in Figure
7.
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Figure 7. Fingerprint zone magnification (1500 and 500 cm™) with amide I and amide II regions of the
IR spectrum of the clathrochelate CoNx3(Bn-CsHg)> {(Co?")@L2} where the ranges of typical
normal modes are highlighted.

Certainly, future work with the purpose to strengthen our computational methodology will be
directed to the theoretical prediction of clathrochelates and pseudoclathrochelates®® having not only
Co as the metal, but also Fe and Ru. Other ligands would be interesting to test, such as derivatives
of the pseudomacrobicyclic tris-pyrazoloximate, tris-pyridylate analogs, boron-monocapped tris-a-
dioximate analogs or encapsulating tris-diiminate ligands. Likewise, different redox states, namely I,

Il and 11 will be studied, thereby allowing to computation the redox potentials of these complexes



and also reorganization energies.®®® We will pay particular attention to the possibility of the
participation of ligands in electron transfer processes and electrocatalysis, which is known as ligand
non-innocence.®*% Future work may well be directed to the fingerprint assessment of redox states
in non-resting conditions, and the comparison between different multiplicities since, for example,
Co(l) may be a singlet or a triplet, Co(ll) may be a doublet or a quartet and Co(lll) a singlet or a
quintet. Finally, it would be of interest to establish how the vibrational modes of clathrochelates
would be modified under HER Operando conditions, and the coupling of such theoretical
predictions to experimental measurements is of utmost importance.

It is worth to further highlight that this work demonstrates that the B3LYP/LANL2DZ combination
provides accurate geometrical and vibrational predictions; but this does not implies that such
methodology is general for any other applications. For example, beyond the HER, the use of
clathrochelates as dyes for photovoltaic devices has not been performed yet, and in such context the
prediction of UV Vis spectra is essential. We have shown, for example, that for TDDFT, the use of
the B3LYP/LANL2DZ geometries but a combination of aug-cc-pVTZ for Co and cc-pVDZ for the
rest of the molecule, thus permitting an adequate prediction of electronic spectroscopies.®” On the
other hand, the use of XRD data (whose geometry has been shown here and previously to be
accurately predicted via the B3LYP/LANL2DZ combination®!) with a large set of functionals
(OLYP, RPBE, B3LYP, TPSS, BP86) and the Ahlrich’s TZV basis was excellent in predicting
electron densities at Fe nuclei and therefore trends in Mosshauer spectra.®°

4. Conclusions

The FTIR spectra of a series of the cobalt(Il) clathrochelates with known XRD structures have been
recorded. Their molecular geometries were quantum-chemically optimized using the B3LYP
functional and the LANL2DZ basis set, while the corresponding vibrational normal modes were
theoretically calculated using Hessian calculations. Quantum-chemically calculated Co—N distances
in their quasi-aromatic cage frameworks were compared to experimental XRD, where an excellent
agreement was observed. IR spectra of the clathrochelate analogs and homologs with same apical or
ribbed substituents at a cage framework were compared to observe the presence of common bands
and the corresponding normal modes. We have studied a set of 9 clathrochelates presenting a
variety of substituents; namely —meta-CsH4sCOOH, —n-CsHg, —F, ~CHs, —C¢Hs and —CsFs in the apical
position while the ribbed positions spanned as substituents —(CH,)s—, —H, —C¢Hs, —CHs and —Cl. Our
attention to the fingerprint region of such family of molecules allowed to conclude that (i) the region
between 600 and 800 cm® was dominated by several normal modes associated to the B-O bonds; (ii)
between 800 cm™ and 1100 cm™ there is a predominance of N-O bonds but 8g-0 appeared in the range

between 800 and 1000 cm; (iii) between 1100 and 1300 cm the predominance was associated to 8c-n and



(iv) right in the border with amide regions the vc-n Was noticeable between 1500 and 1600 cm™. We have
found that the harmonic approximation is enough to account for the theoretical prediction of IR
spectra in a broad family of clathrochelates, which is remarkable given the inherent structural
complexity of these molecules. This detailed knowledge sets an important precedent regarding the
position of precise bands within the crowded IR spectra of Co(ll) clathrochelates. Indeed, the
calculation of normal modes plays a key role in the theoretical calculation of thermodynamic
functions (Gibbs free energies and so on) via the sum of the energies associated to each normal
mode. Therefore, the accurate prediction of IR spectra finds applications in electrochemistry since
the DFT prediction of redox potentials include not only the consideration of electronic energy
(nuclei-electron attraction and electron-electrons and nucleus-nuclei repulsion), but also zero-point
energy correction and the thermodynamic functions, available only after Hessian calculations. In
summary, this contribution sets a clear theoretical methodology (B3LYP functional, LANL2DZ
basis set and ECP for heavy atoms; Co and Cl) not only for the structural description of this family
of cage complexes, but also for the precise calculation of redox potentials of electrocatalytically-
active species, in addition to the assessment of specific fingerprints of vibrational spectra.

Supporting information

Structure of the nine clathrochelates studied in this work. Comparison among experimental Co-N
bond distances for selected complexes in different media. Exhaustive compilation of normal modes.
Other methodologies available in the literature used to predict normal modes. Plots of Theoretical
vs. calculated vibrational spectra of Co@L1 to Co@L9. Armonic vs. anharmonic approximation for
Co@L3. Hessian calculation of Co(2+)@L8 and Co(2+)@L9 in acetonitrile (AN),
dimethylformamide (DMF) and in gas phase. Depiction of selected normal modes for each

molecule.
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