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ABSTRACT

The utility of two-dimensional generalized correlation spectroscopy (2D-COS) for tracking
complex solid-state reactions is demonstrated using infrared spectra acquired during a
photochemically-induced decomposition reaction. Eleven different thin films, consisting of 6
monometallic and 5 bimetallic 2-ethylhexanoate complexes, were tracked as a function of
photolysis time. Overlapping peaks in the infrared fingerprint region are readily discriminated
using 2D-COS, enabling individual vibrational components to be used to distinguish whether
carboxylate ligands are free/ionic, or bound in chelating, bridging, or monodentate fashion. This
classification enables the decomposition mechanism to be tracked for all 11 samples, revealing
that ligands bound in monodentate and bridging fashion are first converted to chelates before
being lost as volatile products for all samples. The magnitude of measured first-order rate
constants for loss of chelated ligands is found to correlate linearly to the asymmetric stretching
frequency of monodentate ligands but exhibit a V-shape when plotted against electronegativity
of the metal center. We propose that loss of chelated ligands proceeds via C-O scission for
highly electronegative transition metals but M-O scission for low electronegativity. These results
establish 2D-COS as a powerful tool to deconvolute and correlate individual components,

enabling mechanistic analysis for complex chemical reactions.



1. INTRODUCTION

Variation in fabrication protocols for solid-state materials can induce structural changes in
the final materials that are challenging to identify but directly influence material properties. This
poses a particular problem for highly disordered or defective materials that are finding use as
electrocatalsyts,’3 where conventional structural characterization techniques such as X-ray
diffraction have limited use and even state-of-the-art techniques provide only a limited amount
of information. An example of this is seen in the comparison of structure and electrocatalytic
behavior for disordered iron-nickel hydroxide materials, where similar electrochemical behavior
but fundamentally different structural changes observed through X-ray absorption
spectroscopy studies resulted in three different mechanistic interpretations.’? A key difference
between these reports is that each article utilized different fabrication protocols. Establishing
techniques to identify and study the differences between similar materials synthesized through
different routes is important because the number of synthetic techniques is rapidly expanding.
The metal hydroxide materials at the center of the issue described above are routinely
fabricated by a broad range of techniques, including cathodic**® and anodic’-
electrodeposition, solution casting,® sputter deposition,’® hydrothermal synthesis,? post-
synthetic tuning,! pulsed laser abalation,'"'? liquid phase exfoliation'3'4 photochemical
irradiation'® and ion-exchange methods.'® Each of these approaches is likely to yield subtle
variations in structural disorder that pose a challenge for analysis. This leads us to analyze the
reaction mechanisms that lead to the final solid-state materials to gain insights into key

characteristics of the final material.

Photochemically induced decomposition of metal-organic complexes has been presented
as a means of synthesizing compositionally uniform thin-films of disordered metal hydroxides
without requiring high temperatures.’17-19 Single transition metal precursors or arbitrary
mixtures and stoichiometries of transition metals have been used to synthesize a range of
electrocatalysts.?>-?2 The loss of ligand C-H vibrations in Fourier transform infrared
spectroscopy (FTIR) is readily used to monitor the decomposition of metal-organic complexes,
and the mechanism of photochemical decomposition has been studied from the perspective of
ligand decomposition, but little is known regarding the structural evolution of the transition
metal centers. Mechanistic studies that analyzed gaseous products via GC-MS indicate that

photolysis initiates a ligand-to-metal charge transfer (LMCT) process that results in heterolytic



cleavage of the carboxylate C-C bond, a subsequent release of CO2, and cross-coupling
between radicals to yield volatile organic products and a metal film that reacts with oxygen to
yield a metal oxide thin film.20-23-25 Pump-probe spectroscopy has confirmed a similar
mechanism underlying the UV-induced decomposition of transition metal oxalate complexes.?®
A detailed understanding from the transition metal perspective is currently lacking. The
blending of multiple transition metals together in precursor films,?! for instance, is known to
alter decomposition kinetics but an underlying reason for these changes is not established.
Analysis of the mechanism from this perspective requires that the coordination environment be

monitored as a function of photolysis time.

The identification of ligand coordination modes and analysis of their evolution during
photolysis would provide useful mechanistic information. Carboxylates are common ligands
that coordinate to transition metal ions through several distinct binding modes. Deacon and
Phillips established the most widely utilized diagnosis criteria for carboxylate coordination
modes using IR spectra from crystalline acetate and trifluoroacetate complexes.?” They
identified that the energy difference (A) between the symmetric carboxylate stretching
frequency, vs, and the higher energy asymmetric stretching frequency, vas, were related to the
coordination mode. Using this approach, a A > 200 cm™" was shown to indicate carboxylate
ligands bound in a monodentate fashion, ligands bound in chelating fashion exhibit a lower A
than the ionic species (typically < 150 cm™), and ligands bound in bridging mode lie in
between.?” Deacon and Phillips highlighted the empirical nature of their results and
emphasized the risks in utilizing A to correlate carboxylate coordination geometry in complexes
other than the acetates which they studied.?” Subsequent research confirmed that the direction
and magnitude of shift in vs and vas are ineffective at identifying binding modes,?8 but extensive
citations of the original work attest to the validity and breadth of application of A to determine
carboxylate binding modes. This approach has been used to assign the coordination motifs in
the structural characterisation of self-assembled monolayers of n-alkanoic acids,?® metal
organic frameworks,3%3" nanocomposites,3? CO2 adsorption,3® polymers,3*3° paints,3¢ and
proteins.3” The FTIR spectra on the metal-organic precursors utilized here exhibit the typical
problems of extensive overlapping absorbance bands in the vas region, due to co-existence of
multiple coordination environments and dcH bands, which inhibits confident assignment using
the Deacon and Phillips method. A means to assign absorbance bands with confidence is

required.



Generalized two-dimensional correlational spectroscopy (2D-COS) was developed by Noda
as a mathematical means to enable assignment of challenging spectra. 2D-COS relies on the
acquisition of a series of spectra following the application of an external perturbation to a
system.38-42 A detailed description is provided in a biannual review.*? The technique takes a
reference spectrum for a series of m spectra, typically the average of all m spectra in the
series, and uses it to calculate a dynamic spectrum:

A 50 = 0 07 A0 For <<
Where vk represents the spectral variable, si the perturbation variable, and A(v,,) is the
reference spectrum. This dynamic spectrum can be used to calculate several useful types of 2-
D spectra. A synchronous spectrum indicates the magnitude of change in absorbance at two
arbitrary wavenumbers (numeric value) and whether absorbance is changing in the same
(positive value) or opposite directions (negative value). The synchronous spectrum can be

calculated as:
1 ~ ~
D(vy,vy) = m—1 7izl A(vy, 57).-A(vy, 8)) (2)

A 2-D disrelation spectrum indicates whether changes in absorbance are synchronized with
respect to the perturbation or not, with observation of cross peaks indicating a lack of

synchronization. It is calculated as:

|A(vy,v2)| = \/CD(V1'V1)- D(vy,vp) — D(vq,V,)? (3)

Herein, we utilize 2D-COS to perform a detailed analysis of the photochemically induced
decomposition of a series of 11 metal-organic complexes containing carboxylate ligands. We
simultaneously demonstrate the utility of 2D-COS for tracking complex solid-state reactions to
extract mechanistic information for this synthetic protocol, from the perspective of the transition
metal centers. We show that the decomposition consistently involves an initial conversion of
ligands from monodentate or bridging binding modes into chelating modes, which is followed
by decomposition of ligands in this mode. Electronegativity is shown to be a dominant factor in
determining reaction kinetics, with a second factor becoming important for transition metals

with low electronegativity.



2. EXPERIMENTAL

2.1 Materials

Nickel(ll) 2-ethylhexanoate (78% in 2-ethylhexanoic acid, 10-15% Ni), copper(ll) 2-
ethylhexanoate (solvent free, 16-19% Cu), iron(lll) 2-ethylhexanoate (6% Fe in mineral spirits,
99.998+%-Fe), zinc(ll) 2-ethylhexanoate (18% Zn in mineral spirits), manganese(ll) 2-
ethylhexanoate (40% solution in mineral spirits, 6% Mn), cobalt(ll) 2-ethylhexanoate (12% Co
in mineral spirits) and sodium 2-ethylhexanoate (60% in water) were used as received from
Strem Chemicals. Fluorine-doped tin oxide glass (FTO; TEC-7 grade, Hartford Glass) was
used as a substrate and was cleaned immediately prior to use by sequential ultrasonication in
a detergent solution, milli-Q H20 (18.2 MQ), then isopropanol. The surface was dried under a
stream of N2 and placed in a custom UV-irradiation chamber (GHO18T5VH lamp, Atlantic
Ultraviolet) for 15 minutes.

2.2 Film Fabrication

Ethanol-based solutions containing a total metal concentration of 0.3 M were prepared.
Thin, solid films of the selected precursors were prepared by spin-coating the solutions on
freshly cleaned FTO coated glass at 3000 rpm for 60 seconds. A series of 6 single transition
metal films (Mn?*, Fe3*, Co?*, Ni?*, Cu?*, Zn?*) and five bimetallic films were by mixing 50:50
ratio of Ni?* and M** (M** = Mn?*, Fe3*, Co?*, Cu?*, Zn?*) were prepared in triplicate and
irradiated under a UV lamp (Atlantic Ultraviolet, GHO18T5VH). The photochemical
decomposition of each film was tracked by removing all samples from the photolysis chamber

at prescribed times and acquiring infrared spectra.
2.3 Infrared Spectroscopy

FTIR spectroscopy was performed using a Nicolet 6700 equipped with a VeeMAX IlI
sample stage (PIKE Technologies). Measurements were performed in reflection mode with an
incident angle of 50 degrees, where the FTO reflects radiation in the region of interest. A new
reference spectrum was obtained for each time interval using a blank FTO substrate. The
mathematical processing required for the dynamic, synchronous, and disrelation spectra was
carried out with equations (1) — (3) using the Numpy package (Version 1.19.2) for Python 3.7.



3. RESULTS AND DISCUSSION

3.1 FTIR of Monometallic Precursor Films

Thin films of six different transition metal complexes were deposited on FTO glass for
systematic analysis of decomposition mechanisms. A spectrum of sodium 2-ethylhexanoate is
representative of free, or “ionic”, ligands because sodium ions exhibit little bonding character.*3
Prominent features in this spectrum include a series of peaks between 2700-3000 cm™, a
strong peak at 1550 cm!, a weak peak at 1459 cm™! with a shoulder at 1446 cm', and a
moderate peak at 1415 cm™' (Figure 1A). The peaks in the high-frequency region can be
assigned to C-H stretching modes (vcH). An expected C-H bending mode (dcH) should be
relatively weak and largely independent of the identity of the coordinating cation. The relative
intensity and stability of the peaks at 1459 and 1446 cm™" across all samples enables
assignment to dcH vibrational modes (Figure 1A). The remaining peaks at 1550 and 1415 cm™’
in sodium 2-ethylhexanoate are assigned as the asymmetric (vas) and symmetric (vs)
carboxylate stretching modes, respectively. An increased number of peaks in the fingerprint
region for transition metal complexes reveals an oligomeric structure containing multiple

binding modes (Figure 1A).

A composition-dependent change in the number and location of peaks is observed in the
FTIR spectra. The region from ca. 1500 to 1720 cm™' exhibits a change in both the number and
location of peaks as the transition metal is varied. The iron sample is the most convoluted
spectrum for single transition metal complexes, with four major component peaks in this
region, while the single major peak in the copper sample makes it the simplest (Figure 1A).
The lower frequency vs mode is observed as a single feature located between 1400 and 1427
cm' across the composition series (Figure 1A, Table S1). This feature tends to broaden and
gain asymmetry as the number of vas peaks present in the spectrum increases, suggesting that
multiple unresolvable peaks may contribute to the feature. This behavior is in agreement with
the literature, where a compilation of 63 transition metal carboxylate complexes show an
average vs location of 1422 + 19 cm™".2728 Bonding interactions between the carboxylate motif
and the transition metal centers thus vary as a function of element and coordination geometry,

enabling changes in coordination modes to be tracked by monitoring vas and vs.
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Figure 1. Infrared spectra for the monometallic metal 2-ethylhexanoate complexes. (A)
Fingerprint region containing the C-H bending vibration (6ct) and the symmetric (vs) and
asymmetric (vas) carboxylate stretching vibrations. (B) Change in FTIR spectra as a function of
UV irradiation time for Cu(ll) 2-ethylhexanoate (upper traces) and Fe(lll) 2-ethylhexanoate (lower
traces). (C) First-order exponential decay kinetics for normalized vcH vibrations with irradiation
time.

Carboxylate ligands can bind transition metals in k'- (monodentate), «?- (bidentate
chelating), and p2- (bidentate bridging) modes (Scheme 1). All samples show a blend of the
three coordination motifs, with a fourth peak is observed near 1550 cm-* clearly visible in some
samples that is assigned as free ligand based on alignment with the sodium sample. The
monometallic samples show a peak that is higher in energy than the free ionic ligand, but lower

than expected for monodentate coordination. This peak can be assigned to ligands in a
8



bridging coordination environment (Figure 1A). Confident assignment of bridging and chelating
modes can be accomplished when all four possible carboxylate motifs are observed, as in the
iron sample, so that they can be directly compared to one another. Assignment is much more
ambiguous for the remaining samples, however, because transition metal variation induces
peak shifts on the order of 100 cm'. Confident assignment of vibrational modes in all samples
is therefore best made after an extra dimension of information has been added to the data

(vide infra).
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Scheme 1. Binding geometries present in transition metal carboxylate precursor films. lonic
(A), bidentate chelate (B), bidentate bridging (C), and monodentate (D) binding motifs.

3.2 Photochemical Decomposition of Monometallic Precursors

The behavior of vibrations from the organic ligands during photo-induced decomposition
provides insights into the underlying structural evolution and reaction mechanism.202324 A
continual decrease in the intensity of vch and dch bands with time exposed to UV irradiation
signifies a loss of ligands from the film (Figures 1B and S1). This ligand loss process has been
documented, with GC-MS studies indicating a mechanism whereby a ligand-to-metal charge
transfer reaction is followed by a series of radical reactions to liberate CO2 and gaseous
hydrocarbons.'7:18:23.24.44 Following an initial induction period an exponential decay of C-H
absorbance bands is observed with time, indicating ligands are lost through a first order reaction
mechanism for all samples (Figure 1C). The observed rate constant (kobs) for ligand loss is
dependent on transition metal identity (Table 1). The induction period at early stages of
decomposition deviates from this exponential trajectory, with Fe, Mn, Co, and Cu samples
decaying faster than expected, but Ni and Zn more slowly. The vs peak behavior is similar to the
C-H vibrations, but pronounced changes are observed in the vas region during the early stages
of decomposition. In this region, the Fe and Cu samples show complete decay of the two highest

energy peaks with simultaneous growth of a peak in the low energy portion of the vas region



(Figure 1B). The remaining monometallic samples show continual but uneven decomposition,
with the higher energy peaks decaying faster than the low energy peaks (Figures S2, S3). These
observations indicate that the ligand-binding mode plays an important role in the decomposition
mechanism.

Table 1. Observed rate constants for photochemically induced decomposition for monometallic
transition metal complexes and 1:1 bimetallic mixtures.

Composition Kobs (Min") Composition Kobs (Min")
Mn?2* 0.186 £ 0.012 Ni2*Mn2* 0.101 £ 0.007
Fe3* 0.272 £ 0.025 Ni%*Fe3* 0.128 £ 0.010
Co?* 0.064 + 0.005 Ni2*Co?* 0.026 + 0.002
Ni2* 0.021 £ 0.002 Ni?*Cu?* 0.042 £ 0.002
Cu?* 0.047 £ 0.003 Ni2*Zn2* -

Zn?* 0.009 + 0.002 Ni2*Sn?* 0.014 £ 0.001

3.3 Correlational Analysis of Monometallic Films

The time-dependent data provides an extra dimension of information that enables 2-D
correlational analysis to isolate and confidently assign individual absorbance bands, and to
study the interconversion of specific coordination modes. Correlational analysis is split into two
plots. The synchronous 2D-COS spectrum enumerates the extent of simultaneous change of
absorbance at arbitrary energies, vi1 and v2. It is always symmetric, with autopeaks appearing
on the diagonal (i.e., when v1 = v2), but cross peaks can be either positive or negative. Positive
cross peaks signify a shared increase or decrease in signal over the selected perturbation
period, while a negative sign indicates an increase in one and a decrease in the other. The
disrelation component of 2D-COS contains no autopeaks and is always antisymmetric, with the
sign of cross peaks inverted across the diagonal. Observed cross peaks represent a lack of
synchronization in changes in spectral intensity, regardless of direction (i.e., vi can be
decreasing while v2 is either increasing or decreasing simultaneously). 2D-COS data is
available for all monometallic samples (Figures 2, S4-S7); Cu and Fe samples represent the
simplest and the most complex case, respectively, and will serve as the center of discussion.
Because all peaks exhibit complete decay over the experimental timeframes, correlational
analysis across each complete data series would result in convolution of multiple distinct
reaction steps. Resolution of the induction process is achieved by analyzing each dataset split
into two distinct time regions, where the second time region is defined as starting where clear
and consistent exponential decay begins.

10



The Cu sample is useful for initial exploration of 2D-COS due to its well-resolved peaks and
straightforward behavior. The early stage of decay in the copper sample involves the loss of
one carboxylate coordination mode and the gain of an alternative one, as evidenced by
decreased intensity of a vas peak at 1578 cm™' and simultaneous appearance and growth of a
peak at 1542 cm' (Figure 1B). This is followed by simultaneous decay of both modes as
photolysis time progresses, with a broad product-based absorbance band growing in around
1560 cm™'. The synchronous plot for the early stage of decomposition shows that the vas at
1578 cm™! has positive correlations with the vs at 1423 cm-’, but strong negative correlations
with the peak at 1542 cm™ (Figure 2A). The disrelation plots in this timeframe are
indistinguishable from noise levels (Figure 2B). Together, these plots indicate that the decay
and growth of these two vas peaks are concerted — the species responsible for the high energy
vas is converted into that responsible for the lower energy vas. The simultaneous loss of ligands
from both binding modes during the second time region is seen as positive cross peaks for all
spectroscopic features in the synchronous spectrum (Figure 2C). The disrelation plot provides
clear evidence that peak decay is not universally synchronized (Figure 2D). The multi-
component autopeak that straddles the diagonal line near 1587 cm™' is due to the peak shift to
higher energy with irradiation time. The splitting of the autopeak near 1542 cm™' captures the
change in peak shape, which is induced by the growth of a broad absorbance band from the
product. The 1587 cm™! feature shows strong negative (horizontal axis) cross peaks with all
other features, signifying that it is lost before the other features. The lower energy vas peak
shows minor cross peaks with the dcH and vs peaks, with positive cross peaks surrounding it
due to growth in the product absorbance. A mechanism consisting of at least two major steps
is therefore required to describe decomposition for the Cu precursor. The initial coordination
mode must be converted into an intermediate coordination mode before the complex can

proceed with loss of ligands.

11
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Figure 2. Two-dimensional correlation IR spectroscopy for photochemically induced
decomposition of copper(ll) 2-ethylhexanoate. (A) Synchronous and (B) disrelation plots in the
first stage of decomposition. (C) Synchronous and (D) disrelation plots in the second stage of
decomposition. Reference spectra shown along the edges is the average of all spectra across
the time series.

The correlational data for decomposition of the Fe complex is considerably more complex,

with at least four overlapping peaks initially present in the vas region, with each showing varied
12



growth and decay. The first stage of decay, from 0 to 2 minutes, shows prominent autopeaks
at 1589 and 1552 cm' (Figure 3A). These features are both asymmetric, with the 1589 cm™"
peak smearing to higher energy due to a peak shift, and the 1552 cm™' smearing to lower
energy due to initial growth and then persistence of intensity at 1531 cm™'. The peak at 1589
cm' is positively correlated to all features except that between 1552-1531 cm™!, which itself is
negatively correlated to all other features. The disrelation plot reveals only background noise in
this region (Figure 3B). These correlations indicate that the initial stage of decomposition
involves synchronized removal of carboxylate ligands from two distinct coordination
environments, with these carboxylate ligands being transferred into either one or two new
carboxylate environments. Synchronous plots for the second stage of decay show continuous
loss of all remaining features, with a broad and asymmetric feature between 1552-1531 cm™"
suggesting co-existence of two peaks in this area (Figure 3C). The cross peaks between the
vas and vs regions of the disrelation plots for this region (Figure 3D) indicate asynchronous
loss, which supports the assessment that two major features exist at 1552 and 1531 cm-".
Further support for the co-existence of two peaks is provided by the growth of a strong and
well-defined peak at 1552 cm' in the early stages of decomposition (Figure 1B). The
decomposition reaction is thus initiated by conversion of the two coordination modes
responsible for vas signals at 1686 and 1589 cm™' into those at 1552 and 1531 cm'. This is
followed by simultaneous decay of the vas signals at 1552 and 1531 cm™'. Correlational
analysis shows that the Mn, Co, Ni, and Zn precursor films all show a two-step decay process
similar to those described above (Figures S4-S8), albeit over different time regions and a

different relative distribution of individual vas modes.

The observation of consistent behavior across the series of transition metal complexes
enables confident assignment of vas vibrational bands to specific coordination motifs. The vs
vibrational mode exhibits only a single cross peak to all vas bands for each sample, which is
due to the smaller shift in location of this peak as discussed above. This makes it impossible to
directly assign vs to specific carboxylate motifs, but facilitates assignment of the vas bands by
providing a single anchor point to determine A. The spacing between cross peaks in the
synchronous correlation plots provides a convenient and consistent method to extract A for
overlapping peaks (Table S2). All A values observed for each sample in the series can be

classified into one of four sets (Figure 4A). Literature precedence leads us to use A values to

13



assign individual vas vibrations to 2-ethylhexanoate ions with monodentate (A = 258-300 cm'),

bridging (A = 150-212 cm") or chelating (A <135 cm™) binding modes; the presence of a peak

near 1550 cm™' provides a A of ca. 135 cm' that is indicative of free ligands (Figure 1).?7
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Figure 3. Two-dimensional correlation spectroscopy for photochemically induced
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first stage of decomposition. (C) Synchronous and (D) disrelation plots in the second stage of
decomposition. Reference spectra shown along the edges is the average of all spectra across
the time series.
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ethylhexanoate film. (C) Percentage of total peak area captured by each binding motif for
pristine monometallic precursor films. Curve fits were performed on the spectra in Figure 1A.

The assignment of vas peaks to specific ligand environments enables approximation of the
relative amount of ligand in each environment. A curve-fitting protocol was used, with the
location of component peaks restricted to ranges with A values described above. The area of
the component peaks from fitting results (Figures 4B, S9) provides a measure of the relative
amount of the four possible environments for 2-ethylhexanoate in each solid-state precursor

film (Figure 4C). The maijority of ligands are bound in bridging motifs for all precursor

15



complexes, with a substantial amount of chelation observed only for Fe and Co. No discernible

trend is observed for the distribution of binding modes in the series.
3.4 FTIR of Bimetallic Precursor Films

Analysis of a series of mixed metal precursor films where Ni is blended with other transition
metals in a 1:1 ratio provides insight into the changes in decomposition kinetics. These mixed
metal films are qualitatively like the monometallic precursors, with each spectrum possessing a
single vs peak but multiple vas peaks (Figure 5A). A two-stage decay is prominent in the lowest
energy vas peak for all but the Ni-Zn composition, which exhibited negligible decay over time
(Figure S10). The first stage involves the loss of bridging and monodentate vas peaks and
simultaneous growth in the chelate peak, which is readily observed in plots of absorbance
against photolysis time for these features (Figure 5B-C). The second stage of decay can once
again be fitted with a single exponential, indicating a mechanism that is first order with respect
to the chelating ligands. The kobs extracted from each of the binary mixtures for this second stage
of decay is increased relative to the Ni precursor alone, with the effect most pronounced for the
Fe-Ni and Mn-Ni mixtures (Table 1, Figures 5D, S11). The energy region where the bridging vas
appears splits into multiple distinguishable features, which was not observed for any of the
monometallic samples. This splitting of vas peaks likely reflects the participation of two different
transition metal ions in the bridging motif. The uniformity of decay despite the greater complexity
of the spectra suggests that transition metal ions are homogeneously distributed in the films.
This initial transfer of carboxylate ligands into chelating environments thus appears to be a

necessity for photochemical decomposition.
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Figure 5. Infrared spectra for films with a 1:1 stoichiometric mixing of transition metals. (A)
Transformation of the fingerprint region following irradiation with UV light. A comparison of
changes in the chelating and bridging motifs is provided for (B) Ni-Cu and (C) Ni-Fe samples.
(D) A comparison of the rate of ligand loss, as judged by vch, for all films with binary
compositions.

3.5 Correlational Analysis of Bimetallic Films

Direct comparison of the 2-D correlational spectroscopy results for the Ni sample and the
Fe-Ni sample confirms changes in location of individual vibrational bands, but preservation of
the overall mechanism (Figure 6). The synchronous correlation plots once again resolve
overlapping peaks and identify prominent A values, with a total of 6 peaks across the Fe-Ni vas

region. Based on the regions defined above, these peaks can be assigned to one
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monodentate motif (1689 cm™), three bridging motifs (1627, 1606, and 1577 cm™'), and two
chelating motifs (1546 and 1533 cm™). The highest and lowest energy peaks observed in the
region for bridging motifs can be assigned to Ni-Ni and Fe-Fe bridging modes based on their
proximity to those for monometallic Ni (1618 cm™') and Fe (1590 cm™), leaving the central peak
to be assigned as a Ni-Fe bridged motif. The two peaks for vas chelating motifs in the mixed
metal films show excellent agreement with those for the monometallic nickel (1544 cm-') and
iron (1531 cm™") films, allowing their direct assignment. The observed splitting of vas peaks in
the binary films thus arises due to the existence of three possible bridging motifs in a binary
mixture (Ni-Ni, Ni-M, M-M), and two possible chelating motifs (Ni and M). The signs of
correlations in the synchronous plot indicate that the first stage of decomposition again
involves a transition of all monodentate and bridging ligands into chelating geometries (Figures
6A and 6C), with all remaining features decaying during the second stage (Figure S12).
Disrelation plots for the binary samples are complex (Figure 6D), but the lack of a cross peak
between 1531 and 1461 or 1403 cm-" stands out. This lack of a peak indicates synchronized
changes in signal intensity at these energies. Since the 1461 and 1403 cm™' peaks capture the
entirety of ligands in the system, this implies that the majority of ligands lost from the system
decompose through a chelated Fe center. These combined results indicate that although the
number of resolvable vas peaks and their locations changes as a function of film composition,
consistency in the decomposition mechanism exists across all samples analyzed here. The
consistency of a single mechanism (Figures S13-S16), but changes in kobs relative to the
monometallic samples (Table 1) indicates that the decomposition reaction is tuned either by
influencing the rate of transition to chelating motifs or by increasing the rate of decomposition

of carboxylate in chelating environments.
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Figure 6. Comparison of two-dimensional correlation spectroscopy for photochemically
induced decomposition of a pure Ni(ll) film with a 1:1 mixture of Fe(lll) and Ni(ll). (A)

Synchronous and (B) disrelation plots in the first stage of decomposition of the Ni sample. (C)
Synchronous and (D) disrelation plots in the first stage of decomposition for the Fe-Ni sample.
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3.6 Property Trends

The electronegativity and pKa of hexaaqua metal ions of the transition metals were the only
properties inspected that showed clear correlations with decomposition reaction kinetics. Plots
of experimentally determined pKa values for hexaqua-metal complexes against kobs exhibit a
distinctive V-shape, with the trend spanning both monometallic and bimetallic composition
(Figure 7A; pKa values in bimetallic taken as the average of the two transition metals). This
correlation carries over to plots of kobs versus electronegativity (Figure 7B), as expected
because each parameter provides a measure of Lewis acidity of the transition metal centers.*>-
47 Additional properties explored include hydration enthalpy, d-electron count, and relative
percentage of each carboxylate binding mode, but each showed no clear correlations with kobs
(Figures S17, S18). The location of vas for the monodentate carboxylate motif shows similar
trends when plotted against pKa and electronegativity (Table S3, Figure S19), which leads to a
positive linear correlation between kobs and vas of the monodentate carboxylate binding motif
(Figure 7C).

3.7 Mechanistic Implications

The spreading of spectroscopic information over a time dimension enables 2D-COS to
identify structural details for the transition metal centers and track their evolution during the
decomposition reaction. Assignment of individual absorbance bands to ligands in monometallic,
bridging, and chelating coordination environments enables the time series data to be analyzed
through a combination of synchronicity in direction of change in absorbance (synchronous cross
peak sign) and time (disrelation spectra). This analysis clearly depicts a two-stage reaction,
where the first stage is an induction period that is dependent on the relative proportion of each
binding mode present in the precursor. The negative cross peaks and synchronicity between vas
(bridge) and vas (chelate) during the early stage of decay (Figures 2, 3) provides evidence for
the conversion into chelating environments. Comparisons of absorbance bands for vch or dch
with vas (chelate) and vas (bridge) confirm the existence of the two decay stages and suggest
that the second stage is primarily the loss of chelating motifs (Figure 5). This second region is
characterized by an exponential decay that is indicative of a first order reaction with respect to

the chelate motif.
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Figure 7. Correlations observed for decomposition rate. The measured kobs yields a V-shaped
correlation against (A) pKa of aqua metal ion and (B) Pauling’s electronegativity. (C) A linear
correlation is found for kobs versus vas for monodentate coordination motif.

The bimetallic precursor films exhibit increased complexity in their spectra, but the
decomposition pathway is consistent with that of the monometallic films. The monometallic films
exhibit a single absorbance band for each of the three coordination motifs, but the bimetallic
compositions show a combination of monodentate, three bridging, and two chelating motifs.
Despite this increased complexity, the bimetallic films continue to exhibit two stage decay. The

first order rate constant extracted from the second stage of decay falls in between those of the

two components, suggesting

components. This attests to the homogeneity of both the precursors and the resultant metal

concerted decay rather than individual decay of the two
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hydroxide films. The Sabatier Principle predicts a “volcano” plot when a material property such
as electronegativity is tuned.*® The observation of a less-conventional V-shaped correlation
between pKa (or electronegativity) and kobs (Figures 7A, 7B) therefore reveals the co-existence
of two factors that influence reaction rate. One possibility is a change in mechanism from M-O
bond cleavage at low electronegativities to C-O cleavage at high electronegativities. Although
monodentate ligands are not involved in the final decay of the complexes, the positive correlation
between vas for monodentate ligands in the precursor and kobs (Figure 7C) reveals the importance
of M-O bond strength. A blue shift in vibrational frequency signifies stronger C=0 bonds in this
coordination motif. A stronger M-O bond would make the second oxygen more electron deficient,
thereby inducing this blue shift. We propose that strengthening of M-O bonds alters the
mechanism to facilitate direct cleavage of the C-O single bond. The protonation state of the oxide
ligands on the metal also appears critical, with the minimum kobs Occurring at a hexaaqua
transition metal pKa close to the pKb (9.18) for 2-ethylhexanoate. The von region of the IR spectra
contains a broad band for all samples, but a much narrower peak at ca. 3590 cm™! for Ni, Co, Ni-
Zn, and Ni-Co, all of which lie near this pK» value (Figure S11). The presence of aqua, hydroxo,
and oxo ligands in the precursor material may therefore play a key role in tuning the reaction
rate. Regardless of the underlying reasons, the previously established mechanisms for
photochemically induced decomposition of metal carboxylate complexes can be refined to
include the specific structural changes for the transition metal coordination environment

(Scheme 2).27:49

- © -0
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Scheme 2. Proposed mechanism in the photochemical decomposition of transition metal
carboxylates.
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CONCLUSIONS

Two-dimensional infrared correlation spectroscopy was demonstrated to be a powerful tool
for extracting mechanistic information for solid-state reaction mechanisms. The photochemically
induced conversion of thin films of transition metal 2-ethylhexanoate complexes into metal
oxides was studied for a series of 11 metal-organic complexes, where the infrared spectra of the
ligands provide an effective means to monitor the reaction progress. The synchronous
component of 2D-COS spectra enabled confident assignment of absorbance bands to ligands
bound in a chelating, bridging, or monodentate fashion for even the most complex spectra, where
6 overlapping peaks were observed. The disrelation component of 2D-COS spectra indicates a
two-stage decomposition for all monometallic and bimetallic samples due to the need to convert
of bridging and monodentate ligands into chelating ligands before decomposition can proceed.
A V-shaped correlation between the pKa of hexaaqua metal ions (or electronegativity) and
observed rate constant indicates that at least two competing factors control reaction rates. The
importance of protons in the reaction is revealed by a minimum in V-shaped correlation at the
pKo of the carboxylate ligand, and by the presence of von vibrations for samples near the
minimum. Metal-oxygen bond strength is identified as a second important consideration, with a
linear correlation between carboxylate stretching frequencies and rate constant observed. These
results advance the current understanding of photochemical decomposition of transition metal
carboxylate complexes, demonstrate a means to identify and assign carboxylate coordination
motifs in complex spectra, and demonstrate the utility of this simple-yet-powerful approach to

extracting information from standard spectra.
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Two-dimensional generalized correlation spectroscopy (2D-COS) is demonstrated to be a
powerful tool for studying complex solid-state reaction mechanisms. Infrared spectra acquired
throughout a photochemically-induced decomposition reaction enhanced spectroscopic
resolution, enabling analysis of binding modes as a function of reaction time. Ligands bound as
chelates are shown to be essential for decomposition, with data correlations suggesting that M-

O bond strength and protonation state control reaction kinetics.
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