
1 

 

Influence of Metal Identity in Bipyridine-Based 

Metal-4N Complexes With Formate‡   

Madison M. Foreman, Rebecca J. Hirsch, J. Mathias Weber* 

JILA and Department of Chemistry, University of Colorado Boulder, 440 UCB, Boulder, CO 

80309-0440, USA 

 

AUTHOR INFORMATION 

Corresponding Author 

*weberjm@jila.colorado.edu, Tel.: +1-303-492-7841 

  

mailto:*weberjm@jila.colorado.edu


2 

 

ABSTRACT. We present the vibrational spectra of a series of dicationic, organometallic 

complexes consisting of a transition metal center (Co, Ni, or Cu) coordinated by 4,4’-di(tert-

butyl)-2,2’-bipyridine (DTBbpy) ligands and a formate adduct. Spectral features are analyzed and 

assigned through comparison with density functional theory calculations, and structures are 

reported. Natural population analysis shows that the DTBBpy ligands serve as flexible charge 

reservoirs in each complex. Shifts in the vibrational signatures of the formate moiety reveal that 

the nature of the metal center plays a crucial role in the charge distribution and formate-metal 

binding motif in each complex, illustrating the impact of the metal center on the structural and 

electronic properties of these complexes. 
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Introduction 

Transition metal complexes are ubiquitous in chemical applications, particularly in catalysis, 

due to their redox properties and compositional versatility.1-4 Metal organic complexes are an 

attractive class of molecules for such applications, since their chemistry can first be roughly set by 

choice of the metal and the general framework of organic and/or inorganic ligands, and can then 

be fine-tuned by choosing derivatives of the ligands.5-7 However, it is highly nontrivial to 

understand the mechanisms at play on a molecular level, or even characterize the main 

intermediates, since reactive mixtures under turnover conditions are very complex. Infrared 

spectroscopy in combination with quantum chemical calculations represents a widely used avenue 

for discerning molecular properties. In the condensed phase, however, particularly in reactive 

solutions, molecular-level details are often obscured due to solvent interaction, thermal broadening 

of spectral features, and speciation.  

Many of the molecular catalysts and reaction intermediates under investigation by the catalysis 

community are ions, which are therefore accessible to mass spectrometry and its combination with 

laser spectroscopy. Electrospray ionization mass spectrometry in combination with laser 

spectroscopy offers an alternative approach, where ionic species of interest can be mass selected 

prior to applying spectroscopic probes, circumventing complications caused by speciation or the 

presence of counter ions and solvent molecules. In addition, cryogenic preparation of the target 

ions allows suppression of thermal broadening. Cryogenic ion vibrational spectroscopy (CIVS) 

has been used to great success by many groups,8-21 and today represents a powerful part of the 

toolbox of cold chemistry. 

In the present work, we put this method to use in the study of the structures and charge 

distributions of members of an important class of important organometallic complexes. In the 



4 

 

complexes that are of interest here, a metal center is coordinated by four nitrogen atoms (M-4N 

complexes). Examples of these M-4N complexes used, e.g. as molecular catalysts, include 

porphyrins, phthalocyanines, and polypyridines, and the nature of the coordinating ligands heavily 

influences the redox properties of the compound.22-27 These properties are crucial for their 

applications, e.g. in CO2 reduction catalysis. In this particular application, several first- and 

second-row transition metals perform well, but there is particular interest in utilizing late first-row 

elements such as Co, Ni, and Cu due to their ubiquity and catalytic efficiency.28-31 Like the nature 

of the ligand system, the identity of the metal center influences the functionality of the complex in 

several ways, as it impacts the coordination geometry and charge distribution of the complex, as 

well as the interaction with substrate and product molecules that are bound to the metal center 

during the catalytic cycle. It is therefore desirable to understand in detail how the nature of the 

metal center governs the structural and electronic properties of M-4N complexes. 

In previous work,32 we investigated the interaction of a cobalt center with 4,4’-di(tert-butyl)-

2,2’-bipyridine (DTBbpy) ligands with and without the presence of a formate ion bound to the 

complex. In the present article, we revisit these complexes, providing both an improved analysis 

of these complexes regarding the possible spin states involved, and an additional investigation of 

the influence of the metal center on the geometry and charge distribution of complexes with the 

same ligands. To this end, we performed CIVS on complexes of the form [M·(DTBbpy)2·HCOO]+, 

where M = Co, Ni, or Cu. We interpret our experimental results by comparison with predicted 

infrared spectra based on density functional theory (DFT) calculations. 
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Methods 

Experimental 

Stock solutions of [M·(DTBbpy)2·HCOO]+ (M = Co, Ni , Cu) were prepared by dissolving ca. 

5–10 μmol of Co(NO3)2·6H2O, Ni(NO3)2·6H2O, or Cu(NO3)2·(H2O)3 and ca. 10–20 μmol of 

DTBbpy (Sigma-Aldrich, 98%) in 5.75 mL of methanol (Macron, ≥99.8%). Formate solution was 

prepared by titrating formic acid (Sigma-Aldrich, ≥95%) with aqueous KOH (Fisher-Scientific) to 

a pH of 8− 9 to ensure complete dissociation of the formic acid into formate anions. This solution 

was added to the stock solutions in an approximately 100:1 ratio of formate:[M·(DTBbpy)2] to 

create [M·(DTBbpy)2·HCOO]+ complexes. All chemicals were used as purchased, and all 

solutions were sprayed without further purification. 

Only a brief overview of the cryogenic ion vibrational spectroscopy apparatus is provided here, 

as it has been described in detail previously.33 Upon electrospray ionization of the solutions 

described above, gaseous complexes [M·(DTBbpy)2·HCO2]+ were transferred through a series of 

octopole ion guides and ion optics into a cryogenically cooled 3D Paul trap held at ca. 30 K. In the 

trap, the ions were cooled by collisions with D2 buffer gas and tagged with N2 messenger 

molecules, which were present in the background gas coming from the electrospray source. The 

resulting [M·(DTBbpy)2·HCO2]+·N2 clusters were then injected into a time-of-flight mass 

spectrometer, where they were mass-selected by an interleaving comb mass gate and then 

irradiated with the output of a pulsed tunable IR OPO/OPA system (LaserVision). Absorption of 

a photon and subsequent intramolecular vibrational relaxation led to the loss of the N2 tag. The 

photofragment and parent ions were separated using a two-stage reflectron, and the 

[M·(DTBbpy)2·HCO2]+ fragment intensity was detected by a double microchannel plate and 

monitored as a function of photon energy to acquire vibrational spectra. Ion signals were corrected 
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for photon fluence, and several spectra were taken on different days and averaged to ensure 

reproducibility and improve signal-to-noise ratio. 

Computational 

Structures of [Co·(DTBbpy)2]2+ and of different isomers of [M·(DTBbpy)2·HCOO]+ (M = Co, 

Ni, Cu) were optimized in the framework of DFT, employing the B3LYP functional34 and 

LANL2DZ basis sets35 for all atoms in spin-unrestricted calculations (UB3LYP). We note that 

these calculations were costly, owing to the size of the molecules under study, and challenging, 

due to the electronic structure of the transition metals. Other approaches, including standard 

B3LYP, restricted open shell (RO)B3LYP, and ωB97XD36, as well as other basis sets (cc-pVDZ37, 

def2-SVP38, def2-TZVP38) produced a worse match to experimental spectra or failed to converge 

due to spin contamination, particularly in high-spin states, despite multiple attempts at adjusting 

the complex geometry. The least incomplete sets of results came from UB3LYP and ωB97XD 

functionals, both with 6-31G basis sets, and they are given in Supporting Information. Infrared 

spectra were calculated for converged structures with the same method and basis sets. The 

harmonic frequencies from these calculations were scaled by 0.975 to provide the best match to 

the experimental spectrum of [Co·(DTBbpy)2]2+, since the ligand vibrations proved to be least 

sensitive to the identity of the metal for all complexes. All calculations were performed using 

Gaussian 16.39  

 

Results and Discussion 

We begin by revisiting the spectra and structures of [Co·(DTBbpy)2]2+ and its formate adduct, 

[Co·(DTBbpy)2·HCOO]+. In addition to the doublet states, which we studied in our previous 

work,32 we have included quartet states in the present analysis, and the extension of our 



7 

 

computational analysis prompts us to change our assignment of the electronic structure of the metal 

and the structural assignment of the formate binding motif.  

Figure 1 shows the comparison of the experimental spectrum of this complex and the calculated 

spectra for its high-spin and low-spin states. The vibrational modes of the DTBbpy ligands are 

well represented by both calculations. The only evidence for assigning a spin state for this complex 

is the fact that the quartet state is calculated to be higher in energy than the doublet state (see Table 

1), suggesting that the doublet state is the most likely ground state of [Co·(DTBbpy)2]2+.  

The assignment of the features is similar to that in our previous work.32 At 1606 and 1615 cm-1, 

two partially resolved transitions belong to a combination of C−C stretching and in-ring-plane CH 

wagging motions in the bipyridine rings, which differ in their relative phases. The feature at 1536 

cm-1 contains several unresolved modes that are also largely localized on the bipyridine rings, and 

are characterized by antisymmetric C−N−C stretching motions, accompanied by CH wagging. The 

broad peak at 1479 cm-1 contains several HCH bending modes that are largely localized on the 

tert-butyl part of the ligands. The sharp feature at 1413 cm-1 is mainly due to bipyridine ring 

deformation modes that also involve CH3 umbrella motions on the tert-butyl groups, with a low 

energy shoulder comprised of modes with CH wagging on the rings and tert-butyl methyl group 

umbrella motions. The feature at 1245 cm-1 is mainly due to coupled C–C stretching modes 

throughout the complex. 

The infrared spectrum of [Co·(DTBbpy)2]2+ is compared with that of [Co·(DTBbpy)2·HCOO]+ 

and the calculated spectra of the three lowest energy isomers in Figure 2. As described 

previously,32 the modes of the DTBbpy ligands in [Co·(DTBbpy)2·HCOO]+ exhibit small red 

shifts (< 20 cm-1) upon formate complex formation, while additional bands appear that can be 

identified as belonging to the formate ligand.  
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Figure 1. Comparison of the experimental spectrum (top trace, light blue) and calculated spectra 

(lower traces, black) of the doublet and quartet spin states of [Co·(DTBbpy)2]2+. Experimental data 

were taken from ref. 32. The calculated data are labeled with their spin states. 

 

 
Table 1. Calculated energies and spin states of [Co·(DTBbpy)2]2+ and different isomers of 
[Co·(DTBbpy)2·HCOO]+ complexes, as well as Co-O distances for the latter. 

Complex Spin Relative Energy [meV] Co-O [pm] 

[Co·(DTBbpy)2]2+ 3/2 111  

1/2 0  

[Co·(DTBbpy)2·HCOO]+    

Isomer Co-QA 3/2 0 221 

Isomer Co-QB  224 197, 336 

Isomer Co-DA 1/2 163 200, 253 

Isomer Co-DB  281 192, 335 

Isomer Co-DC  380 192, 336 
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The lowest energy isomer of the formate complex (Co-QA) is in a quartet state (Table 1), with 

the formate ligand binding to the Co atom in a symmetric, bidentate fashion (Figure 3), while the 

other isomers bind asymmetrically to the metal, with varying degrees of asymmetry, and with 

varying orientations to the DTBbpy ligands (see Supporting Information for structures and 

calculated spectra of other isomers). The DTBbpy planes adopt a much more acute angle than in 

the bare catalyst complex, with the angle (measured as the N-metal-N angle indicated in Figure 

S1) changing from 152° in [Co·(DTBbpy)2]2+ to 95°-100° in all isomers calculated for 

[Co·(DTBbpy)2·HCOO]+. This geometry change is observed for all metals studied here with 

approximately the same calculated angles for [M·(DTBbpy)2]2+ and [M·(DTBbpy)2·HCOO]+ (M 

= Co, Ni, Cu). All calculated structures adopt a distorted octahedral coordination of the metal atom.  
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Figure 2. Comparison of the experimental spectra of [Co·(DTBbpy)2]2+ (top, light blue) and 

[Co·(DTBbpy)2·HCOO]+ (second from top, dark blue) with calculated spectra for the three lowest 

energy isomers of [Co·(DTBbpy)2·HCOO]+ (bottom traces, black, isomer labels and relative 

energies given as in Table 1). The signatures of the formate OCO stretching vibrations in the 

experimental spectrum are marked with asterisks, while their positions in the calculated spectra 

are marked with arrows, with νs being the lower frequency feature. Experimental data were taken 

from ref. 32. 
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The average calculated frequencies of the formate OCO modes are significantly lower than for 

the experiment, despite the excellent agreement of the calculated spectra for the DTBbpy ligand 

features. This, too, is observed for all metals in the present work. Isomer Co-QA recovers the 

splitting between the symmetric (νs) and antisymmetric (νas) stretching modes quite well, while 

the other isomers do not (see Table S1). Isomers Co-QB, Co-DB, and Co-DC approximately 

recover the absolute position of νas better, but they fail to predict νs with any accuracy. Exploratory 

calculations regarding a possible influence of the N2 tag on the frequency position either νs or νas 

found shifts to be less than 15 cm-1. We interpret the mismatch of the absolute frequencies for all 

calculations to be grounded in an underprediction of the CO bond strength in all cases. The method 

employed here recovers the OCO stretching frequencies of Ar-tagged formate somewhat better 

(experimental: νs = 1314 cm-1 and νas =1622 cm-1,40 scaled harmonic frequencies: 1230 cm-1 and 

1567 cm-1), but also underestimates their absolute frequencies, while having better success with 

their splitting (337 cm-1 calculated vs. 308 cm-1 experimental). The reason for the unusually poor 

performance of the frequency calculations for the formate modes is unclear. These frequencies are 

sensitive to the partial charge in the carboxylate group, since the excess charge on the COO- group 

resides in an overall antibonding orbital, weakening the CO bonds.41 An overprediction of the 

amount of charge on the carboxylate group can therefore result in an underprediction of the CO 

bond strength. In contrast, the splitting between νas and νs reports more on the local symmetry of 

the CO bonds. Based on these arguments, we ascribe the mismatch between experimental and 

calculated formate frequencies to a misrepresentation of the charge distribution in the formate 

moiety. However, we judge that the bidentate formate-metal interaction in isomer Co-QA best 

describes the actual structure of the complex, and that the complex adopts a quartet ground state. 
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Figure 3. Lowest energy structure of [Co·(DTBbpy)2·HCOO]+ (isomer Co-QA). Left: Structure 

viewed along the CH bond axis of the formate ligand to highlight the orientation of the formate 

relative to the metal atom. Right: Structure viewed from the side to highlight formate orientation 

relative to DTBBpy ligands, whose methyl groups are omitted for clarity. Color scheme: H = 

white, C = gray, N = dark blue, Co = light blue, O = red. 

 

Figure 4 shows a comparison of the experimental spectra of [M·(DTBbpy)2·HCOO]+ (M = Co, 

Ni, Cu). The features belonging to the DTBbpy ligands are identical within the bandwidth of our 

light source, suggesting that the geometries of these ligands are similar for each complex The 

calculated structures reflect this similarity, with the lowest energy isomers for each metal having 

approximately the same N-Metal-N angles (ca. 100°). Given the similarity of the DTBbpy features 

in all the spectra, the positions of the formate OCO stretching modes were easily determined by 

identifying peaks that were different from the previously identified DTBbpy modes. The cobalt 

and nickel complexes have very similar formate OCO stretching modes, indicating that the formate 

should bind similarly to the metal in both cases.  
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Figure 4. Comparison of the spectra of [M·(DTBbpy)2·HCOO]+ (M = Co, Ni, Cu). Metal identity 

is given in each panel (Co = dark blue, Ni = pink, Cu = orange). The positions of νs and νas are 

identified in each case by asterisks. 
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Figure 5. Comparison of the experimental spectrum of [Ni·(DTBbpy)2·HCOO]+ (top trace, pink) 

with calculated spectra for selected isomers (lower traces, black, isomer labels and relative 

energies given as in Table 2). The signatures of the formate OCO stretching vibrations in the 

experimental spectrum are marked with asterisks, while their positions in the calculated spectra 

are marked with arrows, with νs being the lower frequency feature.  

 

Table 2. Calculated energies, spin states, and Ni-O distances for different isomers of 
[Ni·(DTBbpy)2·HCOO]+ complexes. 

Complex Spin Relative Energy [meV] Ni-O [pm] 

Isomer Ni-TA 1 0 217 

Isomer Ni-TB  349 197, 334 

Isomer Ni-TC  384 197, 340 

Isomer Ni-SA 0 979 190, 302 

Isomer Ni-SB  1027 189, 335 

Isomer Ni-SC  1152 189, 325 
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The comparison between the experimental spectrum of [Ni·(DTBbpy)2·HCOO]+ and the 

calculated spectra of three selected isomers is presented in Figure 5 (see Table 2 and Supporting 

Information for energies of additional isomers). The [Ni·(DTBbpy)2·HCOO]+ complex can exist 

in triplet or singlet states. In analogy to the Co complexes, the energies of the high-spin states are 

lowest in energy, with singlet states of the formate complexes calculated to be significantly (ca. 1 

eV) higher than those of the triplet states. Interestingly, the [Ni·(DTBbpy)2]2+ catalyst without the 

formate is calculated to have a singlet ground state 355 meV lower than the corresponding triplet, 

indicating that formation of the formate complex switches the spin state of the metal. 

In line with the similarity of their spectra, the structure of the lowest energy isomer (Ni-TA) is 

similar to Co-QA, as the formate binds in a symmetric, bidentate fashion to the Ni atom (see 

Supporting Information for structures and spectra of the calculated isomers). Identification of the 

spin state is very clear for the Ni complexes, since the calculated frequencies of the highest energy 

DTBbpy modes (C−C stretching and in-ring-plane CH wagging motions of the bpy rings) are 

predicted to be much higher in frequency than what would be compatible with the experimental 

spectrum. In light of the excellent recovery of the DTBbpy modes by the triplet structures, 

assignment of the spectrum to the triplet state is unambiguous, and in agreement with their relative 

energies. However, the description of the formate signatures by the calculated spectra suffers from 

the same inconsistencies as for the Co complex. The lowest energy isomer recovers the splitting 

between νs and νas nearly quantitatively, but the absolute energies are predicted to be too low 

(Table 2). The other calculated triplet structures recover νas well, but completely fail for νs. 

Following the same logic as for the Co complexes, we therefore ascribe the spectrum to the lowest 

energy isomer, Ni-TA (structure shown in Figure 6). 
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Figure 6. Lowest energy structure of [Ni·(DTBbpy)2·HCOO]+ (isomer Ni-TA). Left: Structure 

viewed along the CH bond axis of the formate ligand to highlight the orientation of the formate 

relative to the metal atom. Right: Structure viewed from the side to highlight formate orientation 

relative to DTBBpy ligands, whose methyl groups are omitted for clarity. Color scheme: H = 

white, C = gray, N = dark blue, Ni = light blue, O = red. 

 

The ground state electron configuration of the copper complexes [Cu·(DTBbpy)2·HCOO]+ can 

only adopt doublet spin states, removing one of the challenges in the description of the other two 

metals in this series. Similar to the other metals in this study, the spectrum of the lowest energy 

isomer, Cu-A, best captures the splitting of νs and νas of the formate ligand, but underpredicts the 

absolute frequencies (Figure 7). The corresponding structure is shown in Figure 8. Different from 

the Co and Ni complexes in this work, the formate ligand binds asymmetrically to the metal (see 

Supporting Information for structures of the other calculated isomers), but the structure can still 

be seen as bidentate.  



17 

 

 

Figure 7. Comparison of the experimental spectra of [Cu·(DTBbpy)2·HCOO]+ (top trace, orange) 

with calculated spectra for the isomers of [Cu·(DTBbpy)2·HCOO]+ (bottom traces, black, isomer 

labels and relative energies given as in Table 3). The signatures of the formate OCO stretching 

vibrations in the experimental spectrum are marked with asterisks, while their positions in the 

calculated spectra are marked with arrows, with νs being the lower frequency feature. 

 

Table 3. Calculated energies and spin states of different isomers of [Cu·(DTBbpy)2·HCOO]+ 
complexes. 

Complex Relative Energy [meV] Cu-O [pm] 

Isomer Cu-A 0 201, 283 

Isomer Cu-B 87 196, 334 

Isomer Cu-C 364 194, 415 
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Figure 8. Lowest energy structure of [Cu·(DTBbpy)2·HCOO]+ (isomer Cu-A). Left: Structure 

viewed along the CH bond axis of the formate ligand to highlight the orientation of the formate 

relative to the metal atom. Right: Structure viewed from the side to highlight formate orientation 

relative to DTBBpy ligands, whose methyl groups are omitted for clarity. Color scheme: H = 

white, C = gray, N = dark blue, Cu = orange, O = red. 

 

Formal discussion of electron configurations is typically based on integer charges, but the 

fractional charges produced by natural population analysis still lend themselves to a qualitative 

discussion. All metal atoms have charges between +0.87 e and +1.1 e, the formate ligands have 

charges between -0.60 e and -0.64 e, and the spin density is mostly localized on the metal atoms. 

This calculated charge distribution indicates in each case that there is significant charge transfer 

between the metal center, formate adduct, and organic ligands, and shows that the DTBbpy ligands 

act as charge reservoirs in each complex. While no population analysis should be considered exact, 

we note that the calculations predict significantly less than +2 e charge on each metal center despite 

that being their formal oxidation state. In combination with the large amount of charge 

accommodated by the DTBbpy ligands, this highlights how the ligand framework plays a role in 

modifying the redox properties of the complex by absorbing and releasing charge throughout 

different coordination regimes. 
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Table 4. Calculated charge distributions for each [M·(DTBbpy)2·HCOO]+ complex from 

natural population analysis. 

Complex Metal DTBbpy ligands Formate 

[Co·(bpy-tBu)2]2+ 0.877 1.123 - 

[Co·(bpy-tBu)2·HCOO]+ 

(Isomer Co-QA) 
1.034 0.602 -0.636 

[Ni·(bpy-tBu)2·HCOO]+ 

(Isomer Ni-TA) 
0.938 0.670 -0.608 

[Cu·(bpy-tBu)2·HCOO]+ 

(Isomer Cu-A) 
0.986 0.650 -0.636 

 

 
The differences between the calculated charges, indicating a +1 oxidation state, and the spin 

density, which is more consistent with a +2 oxidation state, present a challenge for the 

interpretation of the interplay of electronic and geometric structural properties of the complexes. 

Multiple factors play into the structures of transition metal complexes with low symmetry, from 

simple electrostatic considerations to ligand field and symmetry arguments. For M = Cu, the Cu-

N distance opposite to the O atom farthest from the metal is the longest among the Cu-N distances, 

at 222 pm, compared to 202 pm, 203 pm, and 209 pm. This suggests to view the structure of the 

complex as close to a Jahn-Teller distorted octahedral complex, with the long Cu-O and Cu-N 

distances indicating the axial ligands (see Figure 9). This interpretation is consistent with a d9 

occupancy of the d-block in a Cu(II) complex, which is known to adopt extremely elongated 

octahedral structures due to degeneracy in the eg orbital.42  Following this line of reasoning, the 

spin density, rather than the calculated total charge on the Cu atom, would dominate the primary 

structural characteristics of the coordination environment. 
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Figure 9. Approximation of the coordination environment for M = Cu as a Jahn-Teller distorted 

octahedral ML6 complex (left), and for M = Co and Ni as a trigonal bipyramidal ML5 complex 

(right). The axial and equatorial ligands are labeled as “ax” and “eq”, respectively. Color scheme: 

H = white, C = gray, N = dark blue, Cu = orange, O = red, Co = light blue. 

 

The structures for M = Co and Ni are less straightforward to interpret since they deviate 

significantly from an octahedral environment around the metal center (Figure 9). If considering 

the formate O atoms as individual ligands, the structure could be described as distorted trigonal 

antiprismatic with each triangular face constructed of one O atom and both N atoms of a DTBbpy 

ligand. The M = Co and Ni complexes may also be considered as trigonal bipyramidal ML5 

structures, where the formate would take the role of a single ligand despite its bidentate interaction 

with the metal. These two interpretations do not present obvious distinctions that would allow 

unique classification of the observed complex geometries. We hypothesize that the determining 

factor distinguishing the structural motifs for M= Cu vs. M = Co and Ni is the presence of some 

significant electronic degeneracy in the Cu complex that is not present in the Co and Ni 

compounds, resulting in distinct binding geometries. We therefore assume that simple electrostatic 

interactions provide the dominant contribution to the latter, while ligand field interactions are more 

decisive for the former. 

 



21 

 

Conclusions 

 We present vibrational spectra of bipyridine-based M-4N complexes with a formate adduct 

of the form [M·(DTBbpy)2·HCOO]+, where Co, Ni, or Cu were coordinated as the metal center. 

Through comparison with DFT calculations, we found that the modes associated with the DTBbpy 

ligands do not shift appreciably upon exchange of the metal center, but the OCO symmetric and 

antisymmetric stretching modes do respond to a change in metal identity. The calculated structures 

show a distorted octahedral coordination environment of the metal, and the complexes have 

approximately C2 symmetry for Co and Ni, while the Cu complex is non-symmetric. The formate 

ligand binds symmetrically to Co and Ni centers, and asymmetrically to Cu. The Co and Ni 

complexes are in their high-spin states, and the calculations indicate significant charge transfer 

throughout the complexes, with the DTBbpy ligands acting as charge reservoirs. 
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