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Design strategies for molecular thermometers by magnetic resonance are essential for enabling new non-
invasive means of temperature mapping for disease diagnoses and treatments. Herein we demonstrate a
new design strategy for thermometry based on chemical control of the vibrational partition function. To
do so, we performed variable-temperature *°Co NMR investigations of four air-stable Co(il) complexes:
Colaccp)s (1), Colbzac)s (2), Co(tBus-acac)s (3), and Colacac)s (4) (accp = 2-acetylcyclopentanonate; bzac
= benzoylacetonate; tBuy-acac = 2,2,6,6-tetramethyl-3,5-heptanedionate and acac = acetylacetonate).
We discovered *°Co chemical shift temperature sensitivity (A6/AT) values of 3.50(2), 3.39(3), 1.63(3), and
2.83(1) ppm °C~* for 1-4, respectively, at 100 mM concentration. The values observed for 1 and 2 are new
records for sensitivity for low-spin Co(i) complexes. We propose that the observed heightened sensi-
tivities for 1 and 2 are intimately tied to the asymmetry of the accp and bzac ligands versus the acac and
tBu,-acac ligands, which enables a larger number of low-energy Raman-active vibrational modes to con-
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Introduction

Thermometry by magnetic resonance imaging, which utilizes
nuclear magnetic resonance (NMR) technology, is a powerful
technique for noninvasive monitoring of temperature."™ This
capability is important in biomedical treatments, e.g. monitor-
ing the progression of thermal ablation of tumors. Moreover,
the technique is also important for simply achieving a deeper
fundamental understanding of internal temperature regulation
in the body, which is poorly understood and still yielding new
insights to this day.* Designing molecular probes that enable
high temperature/spatial resolution in vivo is an essential com-
ponent of improving thermometer capabilities.

One method for temperature detection via NMR utilizes a
temperature-dependent chemical shift. This technique can use
protons (‘H),>” "F,*° C,'>'" and *'P."*" Yet, the tempera-
ture sensitivities of these systems are often low, <1 ppm °C™*
(e.g, 0.01 ppm °C™" for "H in H,0,° or 0.012 ppm °C™" in '°F
as perfluorotributylamine®). A related technique, PARACEST
(PARAmagnetic Chemical Exchange Saturation Transfer), can
imbue a temperature dependence to the "H chemical shift of
bulk water through hyperfine coupling in open-shell lantha-
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tribute to the observed AS/AT values.

nide complexes.'*'®> These strategies also generally produce
temperature sensitivities of ca. 1 ppm °C™".

The *°Co nucleus in low-spin Co(m) complexes is a particu-
larly attractive alternative system for chemical-shift-based ther-
mometry applications.® The *°Co nucleus is 100% naturally
abundant, exhibits a nuclear spin of I = 7/,, has a high receptiv-
ity (ca. 30% that of 'H), and displays a wide reported chemical
shift (§) window (20 000 ppm), which reflects an exquisite sen-
sitivity of 6 to electronic structure and the ligand field splitting
(A,)."”'® Importantly, the **Co nucleus also typically yields a
large temperature-dependent chemical shift, AG6/AT, of
1-3 ppm °C™' in magnitude, which stems from the tempera-
ture dependence of A,. In 1980, Levy and co-workers set the
record for AS/AT with Co(acac); (acac = acetylacetonate), which
displayed a 3.15 ppm °C™" A§/AT for the *°Co nucleus."

A target sensitivity of ca. 10 ppm °C™" for *°Co is ideal to
balance the typical wide linewidths of the peaks, and the gradi-
ent range in an MRI scanner, and avoid the need for retuning
the instrument mid-measurement. A molecule to reach this
target parameter should ideally also be air stable to facilitate
biomedical imaging applications. In light of these require-
ments, the recently reported®® record (>100 ppm °C™') sensi-
tivities in [(CpCo(OP(OR),);).]JCo” (R = Me, Et, ¢tBu) are too
large. The complexes are also air sensitive, and these two pro-
perties together limit applicability. Separately, one complex
that is closer to the 10 ppm °C™" goal, [***(PNP)Fe-H], exhibits
thermal sensitivities of 14 ppm °C™" (*H)*' and 34 ppm °C™*
(*'P)** though these molecules are also, unfortunately, air sen-
sitive. Hence, design strategies to maximize AS/AT in an air-
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stable compound remains a key target of fundamental
understanding.

We recently proposed a route to a higher A§/AT through
designing the vibrational partition function. In this strategy,
the target parameter for higher A§/AT is a larger number of
low-energy symmetric (Raman-active) vibrational modes.*® A
group-theory analysis of the CoOs coordination shell of Co
(acac); reveals 15 possible vibrations, but local D; symmetry
ensures that only 12 of these are Raman active (Fig. 1). We
hypothesized that the 3 lost vibrations could be diminishing
the partition function, and, hence, lowering AS§/AT. We
hypothesized that a system with asymmetric bidentate ligands
would lower local point group symmetry to C; (or lower), sym-
metries where all vibrations are Raman active, and hence
ensure a higher partition function and thus higher A§/AT.

Herein we report the synthesis and *Co NMR characteriz-
ation of a set of Co(ur) complexes with asymmetric analogues
of the acac ligand: Co(accp)s (1, accp = 2-acetylcyclopentano-
nate), Co(bzac); (2, bzac = benzoylacetonate), Co(¢tBu,-acac); (3,
tBuy-acac = 2,2,6,6-tetramethyl-3,5-heptanedionate) and Co
(acac)s (4, acac = acetylacetonate), Fig. 2. We hypothesized that
the ligands of 1 and 2 would enforce a higher A§/AT than the
original report of Co(acac);.'® We show that this asymmetry-
focused design strategy based on maximizing the vibrational
partition function can indeed be harnessed to raise A§/AT.

Reduced symmetry

Higher AS/AT o

1

&
Asymmetric propeller

C, symmetry
15 Raman active vibrations

3-blade propeller
D3 symmetry
12 Raman active vibrations

Fig.1 The CoOg coordination geometry in D3 symmetry (like a three-
bladed propeller) has 15 possible vibrations, only 12 are active for temp-
erature sensitivity. In contrast, the molecule on the right, with asym-
metric ligands, could exploit all 15 for temperature sensitivity.
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Results and discussion
Syntheses and molecular structures

Compounds 1-4 are all pseudooctahedral, low-spin Co(ur) com-
plexes. Single crystals of 1 were grown by slow evaporation
from acetonitrile (MeCN), and the structures of 2-4 were pre-
viously reported**>® - all are shown in Fig. 2. All complexes
exhibit six-coordinate inner coordination shells with 6 donor
O atoms. Average Co-O bond distances are 1.88(2) A for 1,
which are in the range of reported average distances of 1.81(2),
1.86(1), and 1.90(2) for 2-4. The average O-Co-O bite angle for
1 is 89.2(2)°, close to 90.04(13), 92.3(2), and 92.9(3)° for 2-4,
respectively. Continuous-shape-measurement analyses were
also performed to check for geometric structural trends.?”-?®
For an idealized octahedral O}, geometry, SHAPE scores are 0.
The scores for 1-4 are 0.34, 0.28, 0.08 and 0.37, respectively,
indicating that all four complexes closely resemble perfect
octahedral geometry.

The ligands in 1-4 direct the molecular point group of the
complex. In 3 and 4, which have C,,-symmetric acac and tBus,-
acac ligands, the local coordination environments of the Co(m)
ions are D3 symmetry. In contrast, 1 and 2, which have asym-
metric ligands, have two possible forms. If the ligands in these
complexes are all oriented similarly, then local C; symmetry is
possible, resulting in a fac isomer. If one of the ligands is
flipped in orientation relative to the other two, the local sym-
metry is C; (the mer isomer). In the single-crystal diffraction
data, only the mer isomer is observed for 1. However, in the
structure of 2 one of the bzac ligands is disordered and hence
the mer and fac isomers are both present in the single
crystal.**

Electronic structures. We first studied the electronic struc-
tures of the cobalt(m) ions in 1-4 by electronic absorption
spectroscopy. UV-vis absorption spectra of compounds 1-4
measured in CH,Cl, at room temperature (Fig. 3a and
Fig. S17) revealed two sets of absorption bands. Absorptions
with molar absorptivity coefficients, &, of ca. 30-80 M~* ¢cm™
around 16700 cm™' (600 nm) give 1-4 deep green colors in
solution, and these are likely d-d transitions, specifically the
Ay to 'Tyy transition.’*' All molecules also give more

i Y P

Co(accp); Co(bzac);
1 2

Co(fBu-acac); Co(acac);
3 4

Fig. 2 The crystal structures of the Co(il) complexes studied in this manuscript. Structures of 2—4 are taken from previous reports.?*=2% H atoms

are omitted for clarity. Color scheme; Co: violet, O: red, C: gray.
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Fig. 3 Characterization of Co(i) electronic structure in 1-4. (a) UV-vis
spectra for 1-4 in CH,Cl, at room temperature, focused on the d-d
transition. (b) °°Co NMR spectra (ca. 118.3 MHz) for 1-4 in CDClz at
room temperature. Spectra were collected in a 500 MHz H magnet
(11.7 T).

intense (ca. 250 M~' ecm™') peaks at much higher energies;
29000 and 30600 cm™" for 1 and 4. These same high-energy
transitions are very broad for 3, spanning 28571 to
33333 cm™". Lastly, two transitions of this type are observed
for 2 at 34 965 and 38 610 cm™ . These high-energy transitions
are likely ligand n-n* transitions.?

The energies of the low-energy peaks and the d® Tanabe-
Sugano diagram®® allowed us to quantify A,, which increases
in order from 1 (16502 cm™') to 4 (16850 cm™) to 2
(16852 ecm™") to 3 (16 885 cm™"). The value of 4 is consistent
with the literature value,?® whereas the values for the other
three have not been previously reported. In all, these values
suggest generally weak ligand fields for the Co(m) ions and
control for the possibility of substantial ligand field differ-
ences causing the observed trends in AS/AT.

For all four complexes, the **Co NMR chemical shift varied
within 12 400 to 12 800 ppm (Fig. 3b). These values are within
the range of *°Co NMR peaks of previously reported all-oxygen-
bound octahedral Co(ur) complexes.'® An important feature of
the *°Co NMR spectra of 2 is the presence of two peaks. We
note that prior DFT calculations and "H NMR analyses of 2
reveal both fac and mer isomers to be stable,** and disorder in
the crystal structure of 2 indicates the presence of both
isomers. We tentatively assign the two *°Co NMR peaks to the
respective isomers as 2-I (for mer) and 2-II (for fac). This
assignment is based on literature references indicating that
the fac isomer exhibits greater shielding, narrower linewidth
and lower signal intensity.***> We note that only one peak is
observed for 1, suggesting that only one isomer is present,
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which is consistent with the lack of any disorder in the crystal
structure. Finally, the known correlation of *°Co chemical
shifts to A,'” indicates the magnitude of A, increases in the
order of 1 < 4 < 2 < 3, in agreement with the lowest-energy
peak in the UV-vis data above.

We also conducted diffuse-reflectance spectroscopy (DRS)
on these compounds for comparison between solution and
solid-state electronic structures and, by proxy, physical struc-
ture. The diffuse reflectance spectra (Fig. S27), transformed
from reflectance to the Kubelka-Munk parameter F(R), have
generally sharper features than the solution phase UV-vis
spectra. For 1-4, two to three peaks noticeable below
25000 cm™". The energies of the lowest-energy peaks increase
in order from 2 (13626 cm™) to 4 (13633 cm™') to 3
(13 645 cm™") to 1 (14 004 cm™") in the solid-state, but are gen-
erally close in energy, like the solution-phase UV-vis data. This
general similarity leads us to conclude there are no large
differences structurally from compound to compound in solu-
tion, at least with respect to the CoOs coordination shell.
However, the lowest-energy peaks are also generally lower than
solution-phase values. This distinction, and other differences
in the data, suggests the possibility of small structural changes
in the solution phase, though we note the colors of the com-
pounds in the solid state and the solutions are strikingly
similar (Fig. S2t), suggesting a lack of gross changes to coordi-
nation geometry/structure/oxidation state, consistent with the
general chemical stabilities of low-spin Co(m) ion bound by
chelating ligands.*®

Variable-temperature, solvent, and concentration *?Co NMR
analyses. We collected variable-temperature *?Co NMR spectra
to determine the temperature sensitivity of the *°Co nuclei in
1-4. Spectra were first collected on 10 mM solutions in CDCl;
from 5 to 35 °C in the 11.74 T magnet of a 500 MHz (*H) NMR
(see Fig. S3-S67). With increasing temperature, the **Co peaks
for all complexes shift downfield to higher §. Linear regression
of the temperature dependence of the *°Co chemical shifts
yields the values of 2.71(1), 2.67(2), 1.55(4), and 2.78(2)
ppm °C™' for 1-4, respectively. We note that prior variable-
temperature *°Co NMR analysis of 4 set the prior record for
AS/AT for *°Co NMR in air-stable Co(m) complexes at
3.15 ppm °C~'. But, that original set was recorded at 3.52 T
with a 100 mM solution in CDCl;. We further note that
Kanakubo later reported®” a AS/AT for 4 in CHCl; as 2.79(2)
ppm, which aligns with our findings.

We tested the matrix sensitivity of the *°Co thermal
responses of 1-4 through variable-solvent (see Tables S3-S77)
and variable-concentration studies (see Tables S13, S14 and
Fig. S8, S12, S16 and S251). We selected a variety of solvents:
CHCl;, CH,Cl,, CD,Cl,, MeOH, DMSO and 1,2,4-trichloroben-
zene (TCB), based on variance in physical properties such as
polarity (from 2.2 to 47 for solvent TCB and DMSO, respect-
ively) and viscosity (from 0.43 cP for CH,Cl, to 32.9 cP for
TCB).*® Notably, 1-4 are not water-soluble and, hence, were
not tested in aqueous solutions. The **Co NMR peak and its
temperature sensitivity differed in each solvent (see Table S27).
The highest *°Co AS/AT values were observed for 1, 2-I, 2-II,

This journal is © the Partner Organisations 2023
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and 4 in CDCls, 2.71(1), 2.69(1), 2.64(2), and 2.78(1) ppm °C ™"
and 3, 2.00(3) ppm °C™', in MeOH (see Tables S3-S7 and
Fig. S7, S11, S15, S19 and S22t). Among these, the sensitivity
of 3 was found to be the lowest of 1-4 in each solvent. In 2-4,
only slight changes (ca. 0.4 ppm °C™") were observed in A§/AT
with deuteration and no effect for 1.

The origin of the solvent sensitivity likely stems from an
impact from the solvent cage, though it is unclear precisely
how that mechanism functions. In Co(u) amine complexes,
solvent dependence of AS/AT has been suggested to result
from hydrogen-bonding interaction with donor solvents.*® In
1-4, there are no hydrogen bonding possibilities, which pre-
cludes that interaction as one of importance for A§/AT. There
are also no apparent direct relationships between A§/AT and
polarity or viscosity of the solvent (Fig. S28 and S297). Finally,
we recognize that the solvent dependence is counterintuitive
on the basis of sterics because of the variation of the chemical
shift of 3 with solvent, which is wider than 1, 2, and 4. One
might expect, given the steric congestion afforded by the ¢Bu
functional groups, that 3 should have the weakest solvent
dependence, yet it does not, in agreement with some previous
observations by Kanakubo.?”

Variable-temperature *?Co NMR spectra were collected on
1-4 at 1, 10, and 100 mM, revealing changes in the chemical
shift and its temperature sensitivity with concentration (Fig. 4

(a)

%; A 25 °C
5 N
I~ ‘/\i/\>
B
% JL
E /L
e N
S N
T N
£ AN
2 N__5°C
12740 12720 12700 12680 12660
(b) %%Co & (ppm)
12800
12700 4
§ 12600
£
[Ze)
43 12500
12400 4
12300 , . . . : .

4 8 12 1l6 20 24 28 32
Temperature (°C)

Fig. 4 (a) Variable-temperature **Co NMR for 1 in CDCls at 100 mM
concentration. (b) Peak positions for 1-4 as a function of temperature at
100 mM concentration in CDCls.
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and Fig. S7, S11, S157). The *°Co peak for compounds 1-4 in a
100 mM solution exhibited a downfield shift in the range of
approximately 1-3 ppm compared to a 1 mM solution.
Notably, the value of A§/AT changed significantly, particularly
for compound 1, increasing to 3.50(2) ppm °C', at the
increased concentration (Fig. 4). A similar trend is observed
for 2, where the AS/AT value increased from 2.70(2) to 3.23(2)
ppm °C™" for 2-1, and from 2.64(2) to 3.26(4) ppm °C~" for 2-IL
Similarly, the AS/AT value increased from 1.55(4) to 1.63(3)
ppm °C™" for 3. Lastly, in 4 the *°Co peak position appears sig-
nificantly less dependent on concentration; only a small
increase was observed in the sensitivity, from 2.78(2) to 2.83(2)
ppm °C™. To the best of our knowledge, the observed value of
3.50 ppm °C™" for 1 establishes a record for temperature sensi-
tivity not only among closed-shell Co(ui) complexes, but for all
closed-shell species.

The origin of the concentration dependence of AS/AT
needs further investigation. It is reasonable to propose aggre-
gation effects enhance the temperature sensitivity on account
of the observed concentration dependence. However, there is
no clear chemical difference in 1-4 that presents the possi-
bility of aggregation in an intuitive way, e.g. functional groups
for hydrogen bonding or open coordination  sites.
Furthermore, if such interactions exist, they are likely not mag-
netic in nature because they would be too weak. For instance,
the dipole-dipole interaction between two *°Co nuclei held at
7.47(1) A apart (from the structure of 1, the closest Co---Co dis-
tance in the crystal structures of 1-4 and likely closest possible
distance in solution) is calculated to be only ca. 0.3 Hz
(~6 ppm), significantly smaller than the total ranges observed
(ca. 80 ppm, see Fig. 4). An alternative explanation of the con-
centration dependence is that aggregation is modifying how
the individual *°Co nuclei interact with the solvent cage.
Changes in this interaction may induce changes in the electric
field gradient at the cobalt nucleus,**™** which might also con-
tribute to the concentration dependence of the chemical shift.
Dynamic light scattering experiments as a function of concen-
tration and solvent suggest that some degree of aggregation
may be happening (see ESIf), though these changes do not
trend with A§/AT, or any other magnetic resonance character-
istic, across all studied concentrations and solvent choice.
Note, finally, that the test of viscosity dependence of AS/AT
through the variable-solvent studies appears to disprove a
mechanism stemming directly from increased viscosity of the
higher-concentration solvents, or simply slower molecular
motion in solution from aggregation.

Vibrational analyses. We anticipated that a descent in sym-
metry in the coordination environment would amplify the
number of low-energy Raman-active modes in the complex,
and therefore increase AS/AT. Hence, we applied Raman spec-
troscopy to evaluate the effect of the descending ligand sym-
metry on the vibrational spectra of 1-4 (Fig. 5). The selected
spectral window (<650 cm™') targets vibrations that are
appreciably populated at room temperature and the expected
energy range of Co-L vibrations. As the probed molecules
decrease in symmetry, the Raman spectra increase in complex-

Inorg. Chem. Front., 2023,10, 7064-7072 | 7067
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Fig. 5 (a) Room-temperature Raman spectra collected on microcrystal-

line samples of 1-4. All spectra are baseline corrected. The dotted lines
indicate the calculated spectra for the complexes. (b) The relationship
between the >°Co temperature sensitivity (A5/AT) and total vibrational
partition function of Raman modes, Qraman. fOor 1-4 (colored data
points), and other Co(in) complexes (square data points). The linear cor-
relation by R? is 0.49. Data for the other complexes are taken from
ref. 15.

ity: asymmetric 1 and 2 display 12 and 17 bands below
650 cm™', respectively, whereas symmetric 3 and 4 exhibit 9
and 10 bands respectively. An exact correlation between the
observed numbers of peaks and the simple group-theory ana-
lysis in the introduction (Fig. 1) does not occur. We suspect
that this imperfect correlation is due to 1-4 having far more
atoms than the local CoOs moiety and that there are poten-
tially different isomers in 1 and 2. Note, however, that the
crystal structure of 1 seems to indicate only a single mer
isomer, while the crystallographic data for 2 suggest that both
fac and mer isomers are present. Hence, for 2 some of the
additional peaks may stem from different isomers, whereas for
1 new peak (relative to 4) are likely attributable to the descent
in symmetry and splitting of E-symmetry Raman modes. There
are additional considerations described further below.
Computational analysis of the vibrational spectra enabled
assignment of the observed modes in the Raman spectra and
comparison with A§/AT. The experimental spectra match the
predicted spectra closely (see Fig. 5a). Experimentally, the
most intense modes in all species are symmetric Co-O bond
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stretching modes (“breathing” modes). These modes are
observed at 456 cm™" for 1, and in the region of 563-568 cm™*
for 2. For the symmetric complexes, this band is observed at
517 and 463 cm™' for 3 and 4, respectively. Bands below
200 cm™! are mainly related to torsional modes of methyl or
alkyl groups and the chelating ring.**

Role of ligand asymmetry in *Co A§/AT. We compared A5/
AT to the vibrational partition functions, gramani of 1-4 using
the computed vibrations from the frequency calculations con-
cerning only the Raman active modes (see ESI for the calcu-
lation details and Tables S8-S117). We compared these values
against the aggregate of graman V- AS/AT data compiled in pre-
vious works®>** (Fig. 5). In general, the higher graman values
trend with higher A§/AT. Together, the comparison therefore
suggests that a model for predicting temperature sensitivity
based on a higher density of low-energy Raman vibrations is
mostly correct, and that a ligand-asymmetry design strategy is
one way to enhance AS/AT through that model.

However, we note that the observed correlation between
Graman and AS/AT is weak, as indicated by the low correlation
coefficient (R* = 0.49), and suggests the opportunity for signifi-
cant future insight. We propose three important initial hypoth-
eses behind the weak correlation for future study. First, we
propose the need to factor in the extent to which a vibration is
focused on the inner coordination shell into the partition
function analyses. One may surmise a ligand-only vibration
should have little impact on the *°Co & versus a Co-O-based
mode, but that intuition needs quantitative testing, which
could be available by local mode analyses.*® Second, we propose
that couplings between the solvent cage (or bulk solvent) and
individual vibrational modes also need to be investigated in
detail, because these interactions may ultimately alter which
modes should be weighted for temperature sensitivity. This
latter point may ultimately explain the concentration depen-
dence if aggregation affects the couplings between specific
vibrations and the solvent cage. Finally, third, we propose that
understanding the exact physical structure of the species in
solution is important, as the diffuse reflectance suggests some
small alteration of the coordination shell. Such dynamic struc-
tural changes likely affect the vibrational spectra, and how this
relates to the temperature sensitivity is a key future target.

**Co NMR linewidth analyses. As one final experimental
characterization, we performed linewidth analyses of the
observed *°Co peaks for 1-4 in all solvents and as a function of
temperature (Fig. 6a). The linewidths ultimately help us
describe the thermometer resolution (see below). The *°Co
NMR peaks for 1-4 in CDCl; at 25 °C all exhibit relatively
sharp peaks with full width at half maximum values (v4,,) of
1.12, 2.37, 1.38, and 0.85 ppm, respectively. These already
narrow linewidths sharpen further with increasing tempera-

1 graman values are calculated from the product of each normal mode by
1
Graman = | | ——F where E, is the energy of the nth normal mode
1-e "ksT

(em™), kg is Boltzmann’s constant, and T is the temperature (K).

This journal is © the Partner Organisations 2023
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Fig. 6 (a) >°Co NMR linewidth values for 10 mM solutions of 1-4 in
CDCl; as a function of temperature. (b) Temperature dependence of Tj
values for 1-4, calculated using *>Co NMR peak linewidths.

ture for 1-4 (Fig. 6a). In all complexes, only slight changes (ca.
~0.1 ppm in magnitude) were observed in linewidth with
solvent (see Fig. S9, S13, S17, S20 and S237), but in general,
the narrowest peaks were observed in CH,Cl,, CDCl;, and
MeOH. Finally, for 2, the linewidth of isomer I is found to be
slightly broader than isomer II in all measured solvents. In all
complexes, the broadest *?Co NMR peaks are observed in
DMSO.

The *°Co NMR linewidths contain information about the
relaxation time T,*, the dephasing time of the nuclear spin
(analogous to the coherence time, T,). The values of T,* were
extracted from the temperature-dependent NMR linewidths
through the relationship 7,* = 1/(2nv,,,) where v,,, (kHz) is the
linewidth (at FWHM) of the *°Co NMR peak. The temperature-
dependent trends in T,* for all complexes over the 5-30 °C
range are shown in Fig. 6b (see also Fig. S10, S14, S18, S21,
and S241) Complexes 1-4 all show generally increasing 7,*
with increasing temperature, where the temperature depen-
dence is stronger for 1, 3 and 4 than both isomers of 2. Among
all four complexes, 1 and 4 show the longest values of T,*. For
both 1 and 4, the longest T,* values are found in MeOH; 1.2
and 1.6 ms for 1 and 4, respectively. While deuteration
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increases T,* in CDCl; for 1, only a small effect on T,* was
observed in CD,Cl,. On the other hand, an increase in 7,* in 4
upon deuteration was observed. For both isomers of 2, T,*
values are found to be similar. In all complexes, except 2-II
and 3 where the latter is insoluble, noticeably shorter T,*
values are observed in DMSO. The T,* values were also found
to decrease for all four complexes as the concentration
increased from 10 mM to 100 mM. We also measured the
spin-spin relaxations (T,) for 1-4 via Carr-Purcell-Meiboom-
Gill (“CPMG”) experiments at room temperature (Fig. S267).
The T, values are 2.38(3), 0.99(2), 1.98(3) and 3.47(4) ms for
1-4, respectively, all generally higher than the T,* values
observed, but only a factor of 2. The T,* value is only deter-
mined for isomer 2-II due to limitations in the data collections
for 2-1.

The T,* value of a quadrupolar nucleus like *°Co is often
dictated by spin-lattice relaxation (7y), if Ty is short enough
that it limits the magnitude of T,*. We measured T, relaxation
times via inversion recovery of 1-4 at room temperature
(295 K) in 100 mM CDCI; solution (Fig. S277). The T, values
are 4.15(4), 1.23(2), 1.10(2), 2.24(3) and 4.01(4) ms for 1-4,
respectively, all on the order of the T, values obtained from
CPMG and T,* from simple linewidth analyses. The effects of
the T, times are observed in the *°Co peak linewidths.
Complexes 1 and 4, with the longest T; values, have the nar-
rowest *’Co NMR peaks, whereas 2 and 3 exhibit shorter T,
times. Hence, the linewidths here appear to follow spin-lattice
relaxation times for the *Co nuclei in 1-4.

There is additional importance of the linewidths and relax-
ation times in the context of the concentration dependence.
Aggregation should be expected to slow down molecular
rotation, potentially inducing larger linewidths through
lengthening the correlation time.*’ If true, then the measured
T, values would shorten, as would T,, and all spectra would
increase in linewidth with the increased aggregation observed
from the DLS measurements. That we do not see these trends
for relaxation time measurements from 1 to 100 mM concen-
trations (see Table S12} for DLS results and Tables S13 and
S14 for variable-concentration relaxation data) suggests that
whatever the nature of the observed aggregation, it is not
having conventional impacts on the *?Co NMR characteristics.
Further, expecting the T; and T, data to follow the aggregation
through correlation time variation does not acknowledge the
substantial quadrupolar coupling for *Co, which is important
for spin relaxation of this nucleus.*®*™° If aggregation were
noticeably distorting the structure of the molecules, then these
two competing systems ensure this system is far from trivial.
Understanding these effects is key to sharper linewidths in
future systems, and hence a key target for our future study.

*9Co NMR temperature sensing resolution. A key aspect of a
sensor’s utility is the resolution afforded in the sensing, which
has not been described in the literature for *’Co NMR systems
to the best of our knowledge. We can parameterize this resolu-
tion through a ratio that compares the temperature sensitivity
(A8/AT) with the full width half maximum of the peak (vq),):
(AS/AT)/vy5. A higher ratio (in units of °C™") will enable
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higher resolution of temperature sensing. The ratio points out
an intuitive point: a sharp peak with high AJ/AT is advan-
tageous for higher resolution thermometry.

We calculated the temperature resolution for 1-4 and con-
trasted them against values for other prominent NMR thermo-
meter systems (Table 1). In complex 1, the highest temperature
sensitivity and the narrowest peak were observed in CDCls,
which led to the ratio of 3.18, which is higher than Co(acac);
under the same conditions that we measured 1-4 in this
paper. We also note that both isomers of complex 2 show
lower resolution than 1 and 4 despite the high A§/AT, owing to
the relatively wide linewidths of the two isomers. Among *°Co
NMR thermometers, these are the highest resolutions, eclip-
sing the recent spin-crossover *°Co results.”® They are also
notably higher than the record temperature sensitivities for 'H
and *'P. The sole measurement that eclipses our results in this
manuscript is the original measurement of Co(acac);. Again,
we stress the difference in the measurement technique as an
essential part of the comparison, specifically the field of
measurement which is likely affecting linewidth (11.7 T vs. ca.
3.2 T in the original Levy report). The resolution here is likely
limited by the field of the measurement and the resolution
for 1 would likely eclipse 4 if measured under the same
conditions.

Conclusion

Tuning the number of allowed and forbidden IR and Raman-
active modes in a molecule is a common exercise in inorganic
and graduate level inorganic chemistry courses.”® Here we
show that applying the same course-work level analyses to con-
ventional Co(m) complexes can yield new design strategies for
AS/AT. Indeed, we present two new records for the temperature
sensitivities of the >**Co chemical shift in the asymmetric com-
plexes Co(accp); and Co(bzac)s;, the first in the over-40-year
period since Co(acac); was initially identified as an exciting
NMR thermometer."”

Table 1 Linewidths, v4,,, and calculated temperature resolutions, (As/
AT)/v12, for 1-4 and other notable NMR thermometers

Compound v1, ¢ (ppm) (AS/AT)/vy, (°CTY)
Co(acac);” 0.86 3.66
Co(acep); (1)° 1.10 3.18
Co(bzac); (2)° 2.47 1.37
Co(tBu,-acac); (3)° 1.34 1.22
Co(acac); (4)° 0.91 3.11
K3[Co(CN)e]* 0.40 2.98
[Co(diNOsar)]Cl;“ 12 0.17
E(CpCo(OP(OtBu)%)S)Z]CoJ’ ¢ 128 1.18
H-[tBuPNPFe-H| 50 0.28
*!p-[tBu(PNP)Fe-HF 121 0.28

“From room temperature values. ” From original ref. 19 by Levy et al.
°From this work. ¢Collected in H,O at 33.3 mM concentration,
500 MHz magnet, see ref. 38. °Collected in CH,Cl, at 400 mM,
500 MHz magnet, see ref. 20./For "H NMR signal, from ref. 21. € For
3P NMR signal, from ref. 22.
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While our study has predominantly focused on the design
strategies to enhance temperature sensitivity in *°Co NMR
thermometry using air-stable Co(m) complexes, it is imperative
to recognize that the translation of these findings into practi-
cal applications, particularly in biological or clinical settings,
requires addressing issues related to toxicity and biocompat-
ibility. Future investigations should explore encapsulation
techniques and other strategies to increase stability and to
mitigate potential toxicity concerns when applying these mole-
cular thermometers in vivo.>>>*

In a similar vein, it is important to note that new molecular
imaging agents do not simply appear, but follow years of fun-
damental studies of magnetic properties in molecules.’*>%°7 It
is in this context that this work should be appreciated for
testing a new mechanism to increase temperature sensitivity
in an *°Co nucleus by molecular design. Yet, we acknowledge
that further work is still necessary. For example, the trend in
Graman With AS/AT is not a perfect correlation, implying future
experiments are needed, and while the measurements here
focus on high-field analyses, conventional MRI is often per-
formed at lower fields, suggesting low-field studies are also
imperative. Finally, we need to understand what mechanisms
are important for governing linewidth, as this knowledge
could lead to higher resolution. Two parameters, quadrupolar
coupling of the I = 7/, **Co nucleus and chemical shift an-
isotropy, are both proposed to dictate *’Co NMR linewidth.>®
Studies of all of these effects will be reported in due course.
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