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ABSTRACT: Understanding temperature sensitivity in magnetic |

resonance is key to novel molecular probes for noninvasive ' ; ?

temperature mapping. Herein, we report an investigation of the ‘\ _

effects of heavy-donor-atom dithiocarbamate ligands on the variable- : E‘iﬁ
temperature **Co nuclear magnetic resonance (NMR) properties of & Ty
six Co(IlI) complexes: Co(et,-dtc); (1), Co(bu,-dtc); (2), ®
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Co(hex,-dtc); (3), Co(pyrr-dtc); (4), Co(benzyl,-dtc); (5) and 90 (opm)
Co(2,6-dmpip-dtc); (6) (et,-dtc = diethyldithiocarbamate; bu,-dtc Solid-state = Heavy-atom = 5Co NMR
= dibutyldithiocarbamate; hex,-dtc = dihexyldithiocarbamate; pyrr- %Co NMR Co(lll) Complexes Thermometry

dtc = pyrrolidine-dithiocarbamate; benzyl,-dtc = dibenzyldithiocar-

bamate; and 2,6-dmpip-dtc = 2,6-dimethylpiperidine-dithiocarbamate). This study reveals *Co chemical-shift temperature
dependences of 1.17(3)—1.73(4) ppm/°C as a function of ligand substituents. Solid-state Raman spectroscopic analyses show that
more Raman-active Co—S vibrational modes correlate to higher thermal sensitivities for these compounds, in line with our current
model for temperature sensitivity. Short spin—lattice relaxation T times in solution (ca. 200 ys) were observed, and correlation with
T,* times and solid-state *’Co NMR analyses reveal that the solution-phase line widths are attributable to quadrupolar relaxation
processes, which ultimately lower temperature-sensing resolution.

Bl INTRODUCTION similar Co(acac),, which held the record at 3.15 ppm/°C for a
closed-shell species for four decades."’

The success of the foregoing design strategy suggests that
even larger temperature sensitivities will result from a complex
that has even more lower-energy Raman-active vibrations. In
this context, ligands with heavy donor atoms are immediately
of interest, as an increased donor atom mass should lower the
fundamental frequencies of any M—L vibrations and increase
AS/AT (Figure 1). However, despite the existence of many

Magnetic resonance thermometry is a promising method for
noninvasive temperature mapping in vivo.'~" This capability
can be harnessed for monitoring the progress of thermal
ablation during tumor treatment,”® or unveiling the intricate
mechanisms of thermal management within the body, which
consistently reveals new insights.”

Cobalt-59 nuclear spins are particularly promising for

temperature detection via magnetic resonance due to the variable-temperature NMR studies of *’Co, as well as basic
notable temperature sensitivity of the *Co nuclear magnetic studies of heavy-atom donors on chemical shift and nuclear-
resonance (NMR) chemical shift (5), AS/AT.*” A recent spin relaxation,”>™'® none have studied the role of heavy donor
report by us shows that ¥Co set records for temperature atoms on the temperature dependence of the Co 8.

sensitivity in air-sensitive (up to AS/AT = 150 ppm/°C)" and Herein, we provide the first test of how ligand S-donor
air-stable species (AS/AT = 3.50 ppm/°C)."" Understanding atoms control *Co AS/AT by examining a series of six
how to amplify sensitivities beyond these levels in air-stable octahedral cobalt tris(dithiocarbamate) complexes: Co(et,-
species remains remains vital for imaging applications. Hence, dtc); (1), Co(buy-dtc), (2), Co(hex,-dtc), (3), Co(pyrr-dtc),

continued focus on fully low-spin octahedral Co(III) (4), Co(benzyl,-dtc); (5) and Co(2,6-dmpip-dtc);, and (6)
complexes which are stabilized by the d¢ ligand field (et,-dtc = diethyldithiocarbamate; bu,-dtc = dibutyldithiocar-

stabilization energy. bamate; hex,-dtc = dihexyldithiocarbamate; pyrr-dtc =
Our group recently reported a synthetic design goal for high- pyrrolidine-dithiocarbamate; benzyl,-dtc = dibenzyldithiocar-

temperature sensitivity **Co NMR based on vibrations.'”~'* In bamate; and 2,6-dmpip-dtc = 2,6-dimethylpiperidine-dithio-

this design strategy, a molecule with more lower-energy Raman

(or symmetric) vibrations exhibits a chemical shift with a Received: December 17, 2024 Inogaric Chemistry

higher temperature sensitivity. We used this hypothesis to Revised: ~ March 10, 2025

create molecules with asymmetric acac-like ligands that Accepted:  March 20, 2025

elevated the benchmark for the sensitivity of air-stable, Published: March 27, 2025

octahedral, low-spin Co(III) nuclei up to 3.50 ppm/°C in
Co(accp)s.'" This value is larger than that of the structurally
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Figure 1. This paper investigates the effects of heavy donor atoms on
%Co chemical-shift temperature sensitivity. The crystal structure of
the example complex Co(et,-dtc); is taken from ref 36. Purple, yellow,
blue, and gray spheres correspond to cobalt, sulfur, nitrogen, and gray
spheres, respectively, with hydrogen atoms omitted for clarity.

carbamate). These molecules can be categorized into two
subgroups: 1—3 vary in the size of the alkyl functional groups
on the ligands, while 4—6 vary cyclic and aromatic groups
attached to the dithiocarbamate core. A comparative analysis of
the temperature dependence of the **Co chemical shifts and
Raman spectra of 1—6 reveal unexpectedly lower temperature
dependence than expected, suggesting that the temperature-
dependence of **Co NMR signals is not governed by ligand
mass alone. Furthermore, we performed SSNMR measure-
ments of **Co chemical shift anisotropy (CSA) and electric
field gradient (EFG) parameters for 1—6 and three Co(acac)3-
like complexes, as well as solution *Co T, measurements.
These latter experiments reveal new insight into *’Co spin
relaxation mechanisms of 1—6, which contribute to the
thermometry resolution trends for these species.

B EXPERIMENTAL SECTION

General Considerations. Complex 1 was synthesized following
the procedure outlined in the previous report.© Compounds 2—6
were synthesized with minor adjustments to this procedure. Sodium
diethyldithiocarbamate trihydrate (Na(et,-dtc)-3H,0), dibutylamine,
dihexylamine, pyrrolidine, dibenzyl amine, and 2,6-dimethylpiperidine
were purchased from Sigma-Aldrich. Their purity was confirmed via
"H NMR before use. Sodium dithiocarbamate salts of dibutylamine,*
dihexylamine,” pyrrolidine,”’ and dibenzylamine®* were prepared
using established literature methods. Co(acac); (A) was used as
received from Sigma-Aldrich, Co(tBu-acac); (C) was used as received
from Thermo Fischer Scientific, and Co(accp); (B) was prepared by
literature methods."" Caution! Carbon disulfide (CS,) was handled
exclusively in a fume hood with nitrile gloves and safety goggles due
to its volatility, flammability, and toxicity, and all waste was collected
in sealed solvent waste containers. Except the use of CS,, no
uncommon hazards are noted. All reactions were carried out under
air.

Co(et,-dtc)s (1). The synthesis of complex 1 was accomplished
according to the previously reported method." A solution of Na(et,-
dtc)-3H,0 (1500 mg, 8.8 mmol) in 10 mL of warm deionized water
(DI H,0) and a solution of CoCl,-6H,0 (500 mg, 2.1 mmol) in 10
mL of DI H,O are prepared separately. The ligand solution was
carefully introduced into the cobalt solution, leading to the formation
of a dense and green precipitate. To facilitate the oxidation of Co(II)
to Co(III), 4 mL of 30% (w/w)H,0, solution was slowly added. We
note that the product was still obtained in the absence of H,0O,. The
resulting mixture was stirred for an additional 15 min until all
effervescence ceased, indicative of a complete reaction. The green
powder was collected by vacuum filtration and washed with 10 mL of
cold ethanol and dried under vacuum for 30 min (965 mg, 91.4%
yield) '"H NMR (8, 400 MHz, CDCl,): 1.29(t, 18H, CH,), 3.64(q,
12H, CH,), 3.82(m) ppm; *C NMR (8, 400 MHz, CDCl,): 14.77,
42.00, 210 ppm. Anal. Caled (Found) for C;sH;,CoN;Ss: 35.77
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(3527) % C, 8.34 (8.00) % N and 6.00 (5.77) % H. UV—vis
(CH,CL, 1 mM, Figure S1) A, nm (g, M~ ecm™): 247(60),
269(85), 321(34) and 639(81). IR and Raman spectra and their
analysis are presented in the main text and Supporting Information.
These data are consistent with the prior report."”

Co(buy-dtc); (2). The compound was prepared in the same manner
as for 1 from sodiumdibutyldithiocarbamate (718 mg, 3.1 mmol) and
CoCl,-6H,0 (500 mg, 2.1 mmol); 2 was isolated as a green powder;
925 mg, 65.5% yield. '"H NMR (5, 400 MHz, CDCly): 0.92(t, 18H,
CH,), 1.32(m, 12H, CH;—CH,), 1.52(m, 12H, CH,) 2.98(m, 12H,
CH,-S) ppm; *C NMR (5, 400 MHz, CDCl,): 212, 52.46, 25.30,
14.00 ppm. Anal. Calcd (Found) for C,,H,CoN,S,: 48.26 (48.00) %
C, 6.25 (5.95) % N and 8.10 (7.89) % H. UV—vis (CH,ClL, 1 mM,
Figure S1) A, nm (&y, M~ cm™): 248(12), 273(29), 324(24) and
647(62). IR and Raman spectra and their analysis are presented in the
main text and Supporting Information.

Co(hex,-dtc); (3). The compound was prepared in the same
manner as for 1 from sodium dihexyldithiocarbamate (878 mg, 3.1
mmol) and CoCl,-6H,0 (262 mg, 1.1 mmol). Recrystallization from
CHCl, yielded solid green powder 3; 510 mg, 55.2% yield. '"H NMR
(8, 400 MHz, CDCl,): 0.90 (t, 18H, CH;), 1.32 (m, 12H, CH;—
CH,), 1.67 (m, 24H, CH,), 3.45—3.79 (m, 24H, CH,—S) ppm; °C
NMR (8, 400 MHz, CDCl,): 204.87, 48.59, 31.46, 27.20, 26.58,
22.61, 14.03 ppm. Anal. Calcd (Found) for C3yH,3CoN;S4-0.2CHCly:
54.48 (54.92) % C, 4.86 (5.10) % N and 9.11 (8.81) % H. UV—vis
(CH,CL, 1 mM, Figure S1) A, nm (g, M™" em™): 252(92),
272(48), 322(70) and 639(130). IR and Raman spectra and their
analysis are presented in the main text and Supporting Information.

Co(pyrr-dtc); (4). The compound was prepared in the same
manner as for 1 from sodium pyrrolidinedithiocarbamate (525 mg,
3.1 mmol) and CoCl,-6H,0 (262 mg, 1.1 mmol); 4 was isolated as a
green powder; 420 mg, 76.7% yield. '"H NMR (6, 400 MHz, CDCL,):
1.32 (m, 12H, CH,), 144 (m, 6H, N—CH,), 3.68—3.94 (t, 6H,
CH,-S) ppm; *C NMR (8, 400 MHz, CDCl,): 206.20, 44.40, 29.45,
22.40, 13.55 ppm. Anal. Caled (Found) for C;sH,,CoN;Ss: 36.20
(36.13) % C, 844 (8.36) % N and 4.86 (4.86) % H. UV—vis
(CH,CL, 1 mM, Figure S1) A, nm (gy, M~ ecm™): 277(63),
325(35), 453(161) and 650(137). IR and Raman spectra and their
analysis are presented in the main text and Supporting Information.

Co(dibenzyl-dtc); (5). The compound was prepared in the same
manner as for 1 from sodium dibenzyldithiocarbamate (1862 mg, 6.3
mmol) and CoClL-6H,0 (500 mg, 2.1 mmol); 5 was isolated as a
green powder; 1515 mg, 82.4% yield 'H NMR (5, 400 MHz,
CDCl,): 4.59 (d, 6H, CH,—Ph), 5.13 (d, 6H, CH,—Ph), 7.51 (m,
30H, aromatic) ppm; *C NMR (8, 400 MHz, CDCI3): 209, 128.56,
125.50, 48.65 ppm. Anal. Calcd (Found) for C,sH,,CoN;Ss: 61.69
(61.51) % C, 4.80 (4.85) % N and 4.83 (4.99) % H. UV—vis
(CH,CL,, 1 mM, Figure S1) A,., nm (gy, M™' ecm™): 264(94),
314(72), 349(127) and 625(95). IR and Raman spectra and their
analysis are presented in the main text and Supporting Information.

Co(2,6-dmpip-dtc); (6). The compound was prepared in situ by
reacting CoCl,-6H,0 (238 mg, 1 mmol) in § mL of DI H,O and a
mixture of 2,6-dimethylpiperidine (339 mg, 3 mmol) and CS, (228
mg, 3 mmol) in S mL of DI H,O The reaction mixture was stirred for
2 h at room temperature and then filtered, yielding dark green
powder. 338 mg, 50.5% yield. '"H NMR (5, 400 MHz, CDCl;): 1.20
(d, 18H, CH,), 1.72 (m, 18H, ring CH,/CH), 3.61 (s, 6H, N—CH,)
ppm; *C NMR (6, 400 MHz, CDCly): 208, 44.78, 26.75, 15.50 ppm.
Anal. Calcd (Found) for C,,H,,CoN,Ss: 46.20 (45.87) % C, 6.74
(6.53) % N and 6.79 (6.47) % H. UV—vis (CH,Cl,, 1 mM, Figure
S1) Apawy nm (g, M™' cm™): 271(84), 312(148), 345(88) and
621(112). IR and Raman spectra and their analysis are presented in
the main text and Supporting Information.

X-ray Data Collection, Structure Solution, and Refinement
for 2. Single-crystal X-ray diffraction data were collected at the X-ray
Diffraction facility of the Analytical Resources Core at Colorado State
University. Data for 2 was collected at 110 K on a Bruker D8 Quest
ECO single-crystal X-ray diffractometer equipped with Mo Ka (4 =
0.71073 A). Data were collected and integrated using Bruker Apex 3
software. Absorption corrections were applied using SADABS.*
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Figure 2. Crystal structures of the Co(III) complexes studied in this manuscript. Structures for 1, 4, and § are taken from previous reports.
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atoms are omitted for clarity. Color scheme; Co: magenta, S: yellow, N: blue, C: gray.

Space group assignments were determined by examination of
systematic absences, E statistics, and successive refinement of the
structures. Crystal structures were solved using SHELXT and refined
with the aid of successive difference Fourier maps by SHELXL
operated in conjunction with OLEX2 software.”* >° Significant
disorder was observed in the structure. Disorder in the butyl groups
of the dithiocarbamate ligand shell in the structure of 2 were modeled
with free variables. Carbon atoms in disordered alkyl chains were
refined isotropically. Heavily disordered solvent, presumed MeCN,
was present in the structure. A solvent mask was employed in the
refinement to address this disorder and reported a total electron
density consistent with one MeCN. Hydrogen atoms were placed in
ideal positions and refined using a riding model for all structures.
Crystal collection data are in Table S1 and the crystallographic
information file for 2 is available in the CSD at accession number
2426923.

Variable-Temperature *Co NMR. Samples 1—6 were prepared
as 0.7 mL volumes of 100 mM concentrations in CH,Cl,, CHCL,,
MeOH, and corresponding deuterated solvents. Spectroscopic
measurements were made at a Larmor frequency, 1,(*Co), of
118.3 MHz using an Agilent Unity INOVA r,('"H) = 500 MHz
spectrometer at a field strength of 11.74 T with a S mm broadband
NMR probe. Prior to measurement, the spectrometer was locked to
the H signal of a 1 M K;[Co(CN),] in D,0 standard to ensure that
differences in resonances were not continually affected by a drifting
magnetic field. Individual ¥*Co chemical shifts are all referenced to
K;[Co(CN)g]. *H locking for samples prepared with protonated
solvents was accomplished by first, using a standard CDCl; sample to
enable a ?H lock, then second, this CDCl; sample was removed, the
samples with Co(III) complex and protonated solvent was inserted,
and finally the sample was measured by **Co NMR. In these cases,
any error introduced to the spectrum from using the unlocked magnet
can be converted to 0.1 Hz/h changes in the ?Co NMR full-width at
half-maximum (fwhm) line widths. Such deviations are negligible
considering the 1—6 kHz (10—50 ppm) fwhm of the collected peaks.
Variable-temperature measurements were made on each sample over
5=30 °C in S °C intervals. Temperature was controlled using a FTS
Systems TC-84 Kinetics AirJet Temperature Controller to deliver a
temperature-specific nitrogen stream directly to the probe and probe
chamber. The temperature of the probe was monitored via
thermocouple output. Temperature equilibration of the sample was
allowed to occur over 15 min before the tuning and use of a 5 mm
broadband probe for spectral collection. Inversion recovery experi-
ments, performed with the same spectrometer and probe, were
conducted on each sample at 25 °C. Inversion recovery data were
acquired using 180°—7—90° pulse sequence experiments with 180°
and 90° pulse lengths set at 22.4 and 11.2 us, respectively.

Solid-State **Co NMR. Prior to running SSNMR experiments, all
samples were gently ground with a mortar and pestle and packed into
S mm polychlorotrifluoroethylene (PCTFE) sample holders with
Viton o-rings designed at the National High Field Magnetic
Laboratory (NHMFL) in Tallahassee and produced by Shenzhen
Rapid Direct Co, Ltd. ¥Co SSNMR experiments were run under
stationary conditions (i.e, nonrotating samples) using Bruker NEO
consoles on a 14.1 T/89 mm bore [1,('H) = 600 MHz, 1,(**Co) =
142.362 MHz] Bruker magnet and an 18.8 T/63 mm bore [v('H) =
800 MHz, v (¥*Co) = 189.817 MHz] Oxford magnet at the NHMFL
in Tallahassee. In-house built HX probes were used for all
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experiments. All samples were referenced to 1.0 M K;[Co(CN);]
aqueous solutions with &, (*?Co) = 0 ppm.””** The Wideband
Uniform-Rate Smooth-Truncation CPMG (WURST-CPMG) pulse
sequence was used to acquire ultrawideline spectra.”” > A full listing
of all experimental parameters for these measurements are provided in
Tables S2—S13. Chemical shift tensor and EFG tensor parameters
(Table S14) were extracted by simulations of the powder patterns
using ssNake software,>* which uses the ZX'Z” convention for Euler
angles; however, these angles were converted to the more common
ZY'Z" convention.*®

Raman Spectroscopy. Raman spectra of 1—6 were collected at
the Raman Microscopy Lab (RRID: SCR 019305) at the University
of Colorado Boulder. Spectra were obtained using a Horiba LabRAM
HR Evolution Spectrometer equipped with a 532 nm green laser
(frequency-doubled Nd:YAG). Each of the dried compounds was
measured as a powdered sample individually loaded onto glass slides.
All spectra were collected between 100 and 650 cm™" with the same
spectral resolution utilizing 1800 gr/mm grating. Baseline subtraction
and spectral deconvolution was performed in the Horiba LabSpec6
program.

All Other Characterization. '"H and *C NMR spectra (in 50
mM solutions for *C NMR) of 1—6 dissolved in CDCIl, were
recorded on a Bruker Ascend 400 MHz spectrometer at 9.4 T (v,(*H)
= 400 MHz). UV—vis spectra were collected by using a Shimadzu
UV-2600i UV—vis spectrophotometer. The spectra were recorded in
1 mM solutions of 1—6 in DCM at room temperature. Elemental
analyses were performed by Robertson Microlit Analytical Testing
Laboratories (Ledgewood, New Jersey, USA). Infrared spectra were
recorded on a Nicolet 6700 FTIR spectrometer using a diamond
window ATR.

B RESULTS AND DISCUSSION

Syntheses and Molecular Structures. Compounds 1, 4,
and 5 were synthesized based on the literature preparations,'”
and compounds 2, 3, and 6 were synthesized by slightly
modifying these literature procedures. The crystallographic
data for 1, 4, and § were previously reported***” and 1, 2, 4,
and § are all shown in Figure 2. Single crystals of 2 were grown
by slow evaporation from CH,Cl,, and 3, in our attempts, did
not yield single crystals suitable for diffraction.

Compounds 1-6 are all pseudo-octahedral, low-spin
Co(IlI) complexes. Average Co—S bond distances range
from 2.26(2) to 2.27(2) Ain 1, 2, 4, and 5, falling within
the reported average distances for low-spin trivalent metal
complexes with dithiocarbamates.”®™** The average S—Co—S$
bite angle ranges from 85.6(3)° to 87.4(4)°, showing relatively
minor variations, and the S—C bond distances are in the range
of 1.713(3) to 1.735(6) A. The C—N distances also vary
slightly from 1.298(2) to 1.341(2) A. All S,CN units of the
ligands are planar, hence the slight variations seen in C—N
distances are not from distortions that break conjugation.

Continuous-Shape-Measurement analyses were also per-
formed to check for geometrical structural trends.*"** If the
structures of 1—6 matched an idealized octahedral Oy
geometry, the resultant SHAPE score would be 0. Instead,
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the scores for 1, 2, 4, and § are 1.62, 1.67, 1.55, and 1.79,
respectively, indicating that all six compounds are distorted
octahedral geometries, and the magnitudes do not follow any
apparent trends connected to the identities of the ligand
substituents.

Electronic Structures. We first studied the electronic
structures of the cobalt(IlI) ions in 1—6 by electronic
absorption spectroscopy. UV—vis absorption spectra of
compounds 1—6 were measured in CH,Cl, at room temper-
ature (Figures 3a and S1). Under these conditions, all spectra
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Figure 3. Characterization of Co(III) electronic structures in 1—6.
(a) UV—vis spectra for 1—4 in CH,Cl, at room temperature, focused
on the d—d transition. (b) *?Co NMR spectra (1,(*?Co) ~ 118.3
MHz) for 1—6 in CDCl, at room temperature. Spectra were collected
using a 500 MHz 'H/11.74 T magnet.

exhibit four different absorption bands, which is consistent
with literature.**~*® The molar absorptivity coefficients, &y, of
ca. 100—200 M~ cm™ for the lowest-energy, 12,000—18,000
cm™' peaks are consistent with their dark green colors in
solution, likely arising from d—d transitions (i.e., lAlg to 1T1g
transition, following labels for O}, geometries).”” The energies
of the low-energy peaks and the d° Tanabe—Sugano diagram
allowed us to quantify A,, which increases from 4 (15,300
em™) to 1 (15,400 cm™) to 2 (15,500 cm™) to 3 (15,600
cm™) to 5 (15,700 cm™) to 6 (15,800 cm™). In all, these
values suggest generally weak ligand fields for the Co(III) ions,
though not weak enough to enable high-spin ground states.
Furthermore, the relative consistency in A, across 1—6 is an
effective control to preclude the possibility of substantial ligand
field differences dictating the observed trends in AS/AT.
Owing to the high ¢ values (>22,000 M~ cm™), the higher
energy bands can be assigned as either 7—z* transitions from
the S—C=S and N—C=S moieties of the dithiocarbamate
ligand core (ca. 30,000—50,000 cm™"),** or charge—transfer
transitions (ca. 23,500—30,000 cm™!).**°

For all complexes, *?Co NMR chemical shifts vary between
6500 and 7100 ppm (Figure 3b), in a similar range to those
reported for sulfur-bound octahedral Co(IIl) complexes.”' ~>”
The chemical shift trend is 4 < 1 <2 < 3 < § < 6, in agreement
with the lowest-energy peak in the UV—vis data (Figure 3a).
More broadly, these observations are in agreement with prior
results'> and the larger established relationship between the
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energy of the 1A1g to lTlg transition and the **Co § in rigorous
and distorted octahedral six-coordinate complexes.”
Variable-Temperature/Solvent **Co NMR Analyses.
Variable-temperature ¥Co NMR spectra were recorded at
118.67 MHz with 100 mM solutions of 1—6 in CDCl; from 5
to 30 °C (Figures 4, S3—S9) using a S00 MHz/11.74 T NMR
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Figure 4. Variable-temperature *Co NMR data collected at 118.3
MHz. (a) Variable-temperature spectra collected for 4 from 9 to 29
°C (100 mM concentration in CDCly). (b) Comparison of
temperature-dependent chemical shifts for 1—6. Solid lines are linear
regressions yielding AS/AT values of 1.25(2), 1.18(3), 1.17(3),
1.65(4) 1.73(4) and 1.72(3) ppm/°C for 1—6, respectively.

spectrometer. With increasing temperature, the *’Co peaks for
all complexes shift in a downfield direction to higher & (i.e., in
a high-frequency direction). Linear regression yields temper-
ature sensitivities of 1.25(2), 1.18(3), 1.17(3), 1.65(4) 1.73(4)
and 1.72(3) ppm/°C for 1—6, respectively (Figure 4b, Table
S15),0or3 ®# 2 <1< 4 <6~ 5 in ranked order. These values
are relatively small within the broader arena of complexes
investigated with *Co variable-temperature NMR, which can
have temperature sensitivities reaching up to 3.5 ppm/°C"! for
air-stable compounds and a maximum of 150 ppm/°C,"
though significantly higher than the lowest known value of 0.15
ppm/°C for Co(tBu,acac); in CH,CL.>*

Cobalt(III) complexes have chemical shifts that exhibit a
solvent dependence,54 and hence, we tested the matrix
sensitivity of the **Co thermal responses of 1—6 through
variable-solvent studies. We chose a range of solvents including
CHCl;, CDCl;, CH,Cl,, toluene, pyridine, DMF, and 1,2-
dichlorobenzene (DCB). These solvents were selected to
account for variations in solubility across the series and well as
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the differences in solvent physical properties such as dielectric
constant (from 2.38 to 36.71 for toluene to DMEF,
respectively*).® The Co NMR peak and its temperature
sensitivity differs slightly in each solvent (Figures S10—S15).
The highest *?Co AS/AT values were observed for 2, 4, 5, and
6 in CDCI; (Tables S16—S21) and 1.32(2) and 1.54(7) for 1
and 3 in CHCl;. Otherwise, only slight changes (ca. 0.2—0.8
ppm/°C) were observed with variation in solvent identity and
deuteration. Solvent-dependent AS/AT values are found in
Table S15 for 1—6. We note that signal intensity dropped
significantly for samples with concentrations lower than 100
mM; therefore, concentration dependence could not be
assessed accurately. The limited characterization of the
solvent-dependent NMR properties of compound 6 is due to
its low solubility. Finally, the present data show only small
changes in the *’Co chemical shift with solvent donor
properties (Figures S16 and S17), suggesting a lack of
conventional solvent—solute interactions (e.g, H-bonding13)
as a controlling factor for AS/AT.

Spin—Lattice Relaxation Analyses. We measured the
spin—lattice relaxation times (T;, also known as the
longitudinal relaxation time) for 1—6 as a starting point to
assess if and how the S ligand fields control *’Co nuclear-spin
relaxation. For T, inversion recovery experiments were
performed on 100 mM solutions at temperatures of 10 and
25 °C. We performed these experiments in different solvents as
well to analyze temperature- and solvent-dependent behavior
of T,. The recovery curves are given in Figures S18—528. The
T, data for 1—6 reveal that T, lengthens with rising
temperature: T, ranges (in CDCl;) extend from 228(9) to
292(8) ps for 1, 120(S) to 150(2) us for 2, 63(1) to 103(6) us
for 3, 193(5) to 276(6) us for 4,95(2) to 115(3) us for 5, and
163(3) to 222(4) ps for 6 from 10 to 25 °C (Figures S18—
S28). This behavior is consistent with all of the molecules
undergoing isotropic tumbling in the extreme narrowing limit
(ENL), i.e., correlation times, 7, < 107! s37A listing of the T
data is in Table S22. At a cursory level, the effects of T times
appear to be reflected in the *’Co peak line widths. Complexes
1 and 4, with the longest T values, have the narrowest ¥Co
NMR peaks, whereas 2, 3, and $ exhibit shortest T, times and
broadest signals. These trends generally hold across solvents,
with some exceptions (Table S22).

The observed T values for 1—6 are shorter than homoleptic
octahedral cobalt(II) complexes with six N- or O-coordinated
ligands, which typically fall within the millisecond range.”® The
spin—lattice relaxation of the **Co nucleus is often attributed
to nuclear electric quadrupolar coupling interactions, deter-
mined by the symmetry and structure of the ligand shell.””
Departure away from spherical or Platonic symmetry about the
quadrupolar nucleus most often corresponds to an increased
quadrupolar interaction,””®" and hence, increased relaxation
rates; hence, the six-coordinate, distorted octahedral Co(III)
environments likely have large quadrupolar interactions, a
conclusion that is underlined by the solid-state NMR analyses
(vide infra).

%9Co NMR Line Width Analyses and T,* Relaxation
Times. We conducted line width analyses of the observed
*Co peaks for 1—6 in various solvents and as a function of
temperature (Figures Sa, $29—S34). In CDCl, at 25 °C, ¥Co
NMR peaks for 1—6 are all relatively broad with full width at
half-maximum values (v,,,) of 9.65, 18.40, 29.76, 10.72, 22.70,
and 25.04 ppm, respectively, which correspond to frequencies
of 1.14, 2.17, 3.51, 1.27, 2.68, and 2.95 kHz, respectively.
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Figure 5. (a) ¥Co NMR line width values (in units of kHz) for 1—6
as a function of temperature in CDCl;. (b) Temperature dependence
of T,* values for 1—6 calculated using resonance line widths. The
solid lines are guides for the eye.

These broad line width values increase as the temperature
decreases for all complexes (Figure Sa), again consistent with
isotropic tumbling in the ENL. Across all complexes, we
observe significant changes in line width when changing
solvents. Conversely, in DCB, except for compound 2 in
pyridine, we observed the broadest *®Co NMR peaks. In DCB
at 25 °C, the order of increasing fwhm values was as follows: 4
<2<1<§5<3.

The *Co NMR line width contains information about the
effective T, (T,*) values of 1—6, which account for both the
natural T, and peak broadening from magnetic field
inhomogeneities, ie, T,*™' = T,™' + T,,~'. We extracted
these T,* values from the temperature-dependent NMR line
widths using the relationship T,* = 1/(zv,,,), where vy, (in
kHz) represents the line width at the full width at half-
maximum (fwhm) of the *?Co NMR peak. Importantly, due to
the rapid relaxation of these molecules, we were unable to
directly measure T, values via experimental methods like
Hahn-echo or CPMG experiments with our available instru-
ment. Hence, these line width measurements, which are
conducted upon peaks that are predominantly broadened by
quadrupolar relaxation effects, are our best measure of
relaxation dynamics. The temperature-dependent trends in
T,* for all complexes are illustrated in Figure Sb (also Figures
$35—40). In general, complexes 1—6 exhibit an increasing T,*
with rising temperature. The longest T,* values are observed in
CH,Cl,, and complexes 1 and 4 exhibit the longest T,* values
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Figure 6. **Co SSNMR powder patterns (in blue) acquired at 18.8 T using the CPMG sequence for the Co—S series, i.e., (1) Co(et,-dtc);, (3)
Co(hex,-dtc);, and (4) Co(pyrr-dtc)s, and the WURST-CPMG sequence for Co—Og series, i.e., (A) Co(acac);, (B) Co(bzac);, and (C) Co(tBu-

acac);. Numerical simulations of the spectra are shown in black. TIndicates magic-angle dips, see text for details.

among 1—6. Slight increases (ca. 30 ps) in T,* for all
complexes are observed with solvent deuteration based on a
comparison of CDCl; and CHCl;. DCB appeared unique in all
respects, in that T,* values for 1—6 were notably shorter, by ca.
140 ps compared to the other solvents, which is very likely due
to its comparatively high viscosity (vide infra, see Table S23).

Importantly, the measured T,* values are all very close to
the T, values under a given set of conditions. For example, T
for 1 at 10 and 25 °C in CDCl, is 228 and 292 us, respectively,
while T,* values under these same conditions are 208 and 279
ps. This close correspondence between T, and T,* follows all
the measurements we report for 1—6 in different solvents and
temperatures (Tables $22—S24 and Figure S, S35—S36). The
value of T, imparts a limit on the magnitude of T,* (i.e.,, T; >
T,*), as is the case for 1—6. Hence, a deeper understanding of
the longitudinal relaxation mechanisms is required if we are to
understand their impacts on temperature sensitivity for 1—6
(vide infra), which ultimately necessitated solid-state NMR
measurements.

Solid-State NMR Analyses. The T,(*Co) and T,(*’Co)
relaxation constants for 1—6 have their origins in NMR
interactions such as the chemical shift anisotropy (CSA) and
quadrupolar interaction (QI). These anisotropic interactions
do not result in time-independent manifestations in solution
NMR spectra (i.e., shifts, splittings, and/or inhomogeneous
patterns); however, they have mechanisms that drive
longitudinal and transverse nuclear magnetic relaxation of
nuclides like **Co. In the ENL of motion, the longitudinal
relaxation rate, R, = 1/T}, and the transverse relaxation rate, R,
= 1/T,, are proportional to the square of their interaction
constants. For QJ, the rates scale proportional to the square of
quadrupolar coupling constant, Co’, and for the CSA, the rates
scale proportional to the approximate square of span, Q> (in
Hz) (vide infra).”” In theory, it is possible to determine the
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magnitudes of the interaction constants from measurements of
T, or T, in solution, but in practice, this is very challenging due
to a number of approximations that must be made (especially
regarding the correlation time, 7, as well as temperature,
concentration, viscosity, etc., vide infra).

Alternatively, SSNMR can accurately quantitate the
anisotropic NMR interactions via measurement of the
chemical shift (CS) and electric field gradient (EFG) tensors
(for the CSA and QJ, respectively), since they manifest as
inhomogeneously broadened patterns in SSNMR spectra.
Together, this information and solution-phase NMR relaxation
time constants enable (1) the calculation of correlation times,
(2) elucidation of dominant relaxation mechanisms, and (3)
yield insights into the elements of molecular structure that
dictate these tensors and the concomitant relaxation proper-
ties. Note that this analysis assumes similarity between
molecular structure in the solid and solution phases. For
coordination compounds that are diluted in an NMR solvent,
this is most often the case, unless there are solvent interactions
that substantially alter the molecular structure of the
compound in question.””* This approximation seems to be
valid for 1-6, since variations in T; and T,* in different
solvents are observed, but represent differences of less than an
order of magnitude in each case. Furthermore, the effects of
solvent viscosity track exactly with the corresponding T,
values, with less viscous solvents resulting in the highest T,
values, and corresponding decreases in T, at lower temper-
atures (see Table S23)—these observations indicate that
coordination of solvent molecules are unlikely to have a
significant effect on the magnitude of the quadrupolar
interaction and concomitant relaxation parameters.

Understanding all of the foregoing factors can lead to the
rational design of cobalt complexes that are favorable for
molecular thermometers, such as those with tunable T, and T,
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constants and/or anisotropic interactions that are highly
dependent upon temperature and/or viscosity. In this light,
it is of great value to compare the *Co NMR interaction
tensor parameters and *Co relaxation time constants of the
Co—S; series reported herein to those determined for Co(III)
complexes with asymmetric acac-like ligands, dubbed here as
the Co—Og series, as these are otherwise the highest-thermal-
sensitivity Co NMR thermometers in air-stable Co(III)
complexes."'

Although **Co (I = 7/,) has a natural abundance of 100%
and a receptivity with respect to '*C of R; = 1635.29, the
acquisition of SSNMR spectra is challenging, due in part to the
sizable inhomogeneous broadening resulting from the CSA
and QI The second-order quadrupolar interaction (SOQI)
and CSA dominate central transition patterns (CT, + '/, & +
'/,), while both these and the first-order quadrupolar
interaction impact the satellite transitions (ST; + '/, © =+
3y 23, £33/, o +7/,).% For higher spin half-
integer quadrupolar nuclides (I = 7/,, ?/,), the ST patterns
have significant overlap with the narrower, high intensity CT
patterns—this overlap can lead to severe distortions in certain
powder patterns, making the acquisition of uniform powder
patterns a challenge. Moreover, careful choice of excitation and
refocusing powers to minimize powder pattern distortions in
spin echo experiments need consideration.””%>%

?Co SSNMR spectra were acquired using the WURST-
CPMG pulse sequence””*'~** under static conditions at 14.1
and 18.8 T for Co—S4 compounds (1), (3), and (4), as well as
the Co—Qg series, Co(acac); (A), Co(accp); (B), and
Co(tBu-acac); (C) (see Figures 6, S41, and S42). We note
that the WURST-CPMG sequence can produce artifacts
known as “magic-angle dips” in very broad patterns like
those of the Co—Sg series; however, it is still possible to extract
relatively accurate sets of anisotropic NMR interaction tensor
parameters from simulations.®®””°

The CT patterns in the *’Co SSNMR spectra of the Co—Sj
series are influenced by the effects of both CSA and SOQIL
Numerical simulations yield values of Cq of 11.5, 15, and 21
MHz for 1, 3, and 4, respectively, with corresponding #4 values
of 0.35, 0.50, and 0.95 (Table S14). The &, values are in the
range of 6700—7300 ppm, which are consistent with solution
NMR values. The spans of the CS tensors, €, are found to
range from 1500 to 1800, with positive skews, k, ranging from
0.75 to 0.85, indicating that J;; is the distinct component of
the CS tensor in each case. The Euler angles, 3, range from 0°
to 10° indicating that the directions of the principal
components of the CS and EFG tensors, d;; and Vi,
respectively, are closely aligned. This is consistent with the
pseudo-C; symmetry of the Co—S¢ units in the crystal
structures of 1 and 4 (there is no structure for 3); hence,
these components should be aligned along/near their pseudo-
C; axes. The uncertainties in the NMR interaction tensor
parameters are relatively high, since (i) there are broad ST
patterns underlying the CT patterns, which can cause
distortions,”” and (ii) the influences of the SOQI and CSA
on the powder pattern are comparable in magnitude. These
two factors make spectral acquisition and simulation
challenging, unlike for many of the **Co SSNMR spectra
reported in the literature, which often feature dominant
manifestations of either the SOQI or CSA in the CT patterns
(ie., g > wQ or wq K Q).

The ¥Co SSNMR spectra of the Co—Og series A, B, and C,
are distinct from those of the Co—S; series. First, the CT
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patterns are significantly narrower, with simulations indicating
Cq values ranging between 5.0 and 6.0 MHz. The 71 values for
A and C are low, indicating EFG tensors of higher axial
symmetry than for the Co—S series. The larger value of Cq
and increased 77 value for B, in comparison to those of A and
C, are consistent with symmetry differences revealed by the
crystal structures (i.e, B is an asymmetric propeller with C,
symmetry whereas A and C are pseudosymmetric propellers
with approximate D5 symmetry; the former is further departed
from O, symmetry)."' The &, values, which range from
12,000 to 13,000 ppm, are much higher than those of the Co—
S¢ series, and also consistent with solution NMR data. The Q
values are similar to those of Co—Sg; however, the k values are
negative (between —0.60 and —0.95), which indicates that the
0y, are the distinct CS tensor components. This is consistent
with the f that are close to 90°, which indicates that §;; and
V33 are closely aligned, and likely along the pseudo-C; axes.
Comparison of these two sets of spectra reveals that the effects
of ¥Co CSA on the CT patterns are far more dominant for the
Co—Og series. Furthermore, for the spectra of A and C, well-
defined, underlying ST patterns are observed that can be
simulated with high precision, whereas for those of B, only a
trace of the ST patterns is observed. Another useful
comparison between A, B, and C involves the effective T, in
the solid state, T,°, which is the natural T, that arises from all
contributions including quadrupolar, CSA, and mostly
decoupled heteronuclear dipolar mechanisms. The measured
T, for B, in this case measured with WURST-CPMG
experiments (vide infra), is much lower than those of A and C,
as indicated by the much shorter CPMG echo trains of the
former, and concomitant reduction in S/N (Table S24 and
Figures $41—548). This behavior likely indicates an increased
contribution to the T,*f in B from quadrupolar relaxation
mechanisms (measurements of T,*(*’Co) are provided in
Table S24).

A number of comprehensive studies have been published
over the last 40 years that describe ¥Co nuclear relaxation
mechanisms for small molecules in solution with motions in
the ENL.****7>77? $9Co nuclear relaxation in six-coordinate
cobalt complexes can be influenced by CSA, quadrupolar,
scalar, dipolar, and/or spin-rotation mechanisms. The total
longitudinal relaxation rate, R}, can be expressed as the sum of
the relaxation rates from each mechanism

R, = Tl_l
= R,(CSA) + R(Q) + R(SC) + R,(SR) + R,(DD)
(1)

For *Co, contributions from CSA and quadrupolar
mechanisms are often found to be the most dominant. In
the ENL, R;(Q) and R;(CSA) can be expressed as

2
_ 3n* no |[ 21+ 3
R =17 ==Cl1+ =[|—/—"|
Q=T = Q( 3 ][12(21— 1)]°
(2)
2
R,(CSA) = T (CSA) = —y*B2Q*c
1( ) 1 ( ) 15}/ 0 c (3)

where y is the gyromagnetic ratio and B, is the external
magnetic field. Note that Q is often given as Ad or Ao, where
the CS tensor is assumed to be axially symmetric, with k = +
1Y
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Measurements of T, and T, constants for the Co—S4 and
Co—0Ogq series from solution NMR spectra reveal that those of
the former complexes are generally at least 3 orders of
magnitude smaller than those of the latter (Tables S24—S25).
Hence, the SSNMR data indicates that larger Cq, values in the
Co—S; series are responsible for these differences, consistent
with the results of modern *Co solution NMR studies on
Co(acac); and other octahedral Co(III)
plexes.”®>%0>7273777% Again, this is under the well-supported
premise that there are not large differences in the magnitudes
in Cq between the solid and solution phases (vide supra). To
further investigate the relative contributions of **Co CSA and
QI to T,, we utilized values of 7. for A in chloroform as
reported by Kanakubo et al. (7, = 4.48 X 107" s in a 220 mM
solution of CDCl, at 298 K).°> With this 7. and the ¥Co
tensor parameters from our SSNMR data (Table S14),
quadrupolar and CSA relaxation rates were calculated using
eqs 1 and 2, yielding R;(Q) = 573.5 s™" and R,(CSA) = 4.7 57",
for a total relaxation rate of R; = R;(Q) + R;(CSA) = 578.2
s™!. Therefore, T, = 1.7 ms, which is of the same order of
magnitude as the T; of A in a 100 mM solution (T, = 4.01
ms)'? reported in a previous paper. Assuming a similar 7., the
relaxation rates for 1 are R,(Q) = 2484.2 s™' and R,(CSA) =
8.7 s, respectively, leading to a T; = 1/R; = 401 s, which is
also on the same order of magnitude as the T value reported
herein (T, = 292 ys). We made analogous calculations for all
of the remaining compounds, and similar results were found
(Table S25).

The relatively small discrepancies between our predicted T,
constants and those measured in solution confirm the value of
having precise measurements of CS and EFG tensor
parameters. In the absence of such information, assumptions
about correlation times, solvent viscosities, solute—solvent
interactions, and/or the tensor parameters, can lead to
incorrect assumptions about the relative contributions of
various mechanisms.*®°%%%7579781 Eor example, for Co(acac),
in chloroform, the solvent viscosity was reported to decrease
with increasing temperatures, which affects correlation times,
and hence, affects relaxation rates in solution.*” In addition,
chloroform (used in this study) is known to form chelate
complexes with M™(acac); species,””*** though we do not
see evidence of this from our data. We would not expect that
transient solute—solvent interactions should impact the values
of Cq to the degree that would cause relaxation differences of
orders of magnitude. Finally, possible contributions of spin-
rotation relaxation mechanisms were considered, since an
instance of this has been reported for the bulky [Co-
(sepulchrate)]Cl; complex;*® however, none of our solution
Co NMR measurements revealed that relaxation rates

com-

increased with increasing temperature, a hallmark of the
spin-rotation relaxation mechanism.>”

Vibrational Spectroscopic Analyses. Vibrational spectra
of 1—6 were obtained using both IR and Raman spectroscopy.
Solid-state FTIR spectra for 1—6 in the 400—4000 cm ™' region
reveal a multitude of peaks. A discussion of their interpretation
can be found in the Supporting Information (Figure S2). More
broadly, while these vibrations are useful for general compound
characterization, they do not provide useful insight into the
temperature dependence based on current models."*

In contrast, Raman spectroscopy and symmetric vibrations
are of explicit interest to understand *?Co NMR temperature
sensitivity. Hence, we used Raman spectroscopy to character-
ize 1—6 (Figure 7a). Note that Raman spectroscopy, at least
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Figure 7. (a) Solid-state Raman spectra collected on 1—6. Diamonds
indicate peaks used for the calculation of ggyn., in part b. (b)
Comparison of temperature sensitivity with calculated gp,m., values
for 1—6 and other published reports. gg,n., values were computed
using peaks identified in the experimental spectra. Data are clustered
by donor atoms. Blue circles represent Co(III) complexes with O-
donor atoms in the coordination shell, purple squares possess only N
atom donors. Inset: zoom in of the data for 1—6; each point is labeled
with the relevant compound number.

compared to IR spectrometers, more readily measures the low-
energy regime, <650 cm™!, where Co—S stretches occur,gs_87
and can therefore better connect AS/AT to vibrational
properties. All complexes exhibit rich spectra with many
peaks in this energy range. The most intense modes across all
compounds were observed below 200 cm™'. These modes take
the form of either a single highly intense band (for 1—4) or
bands accompanied by shoulders (for S and 6). These intense
peaks are likely stretching modes of the dithiocarbamate
moieties,”® " as Co—L stretches are expected within the 400—
650 cm™" range.”~*” From 1—6, the complexity of the spectra
increase, which is observed in a straightforward manner as the
number of peaks. Compounds 1—3, exhibit S, 6, and 7 peaks,
respectively, while 4, 5, and 6 exhibited 8, 15, and 10 distinct
bands below 650 cm™), respectively.

The foregoing data demonstrate that the mass of the donor
atom has opposing effects on the change in A§/AT. Our
previous studies suggested a correlation between the number
of low-energy vibrations and higher Ad/AT. Solid-state Raman
spectroscopic analyses revealed that an increased number of
Raman-active Co—S, vibrational modes correlates with higher
thermal sensitivity in 1—6, aligning with our current model for
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temperature sensitivity. However, when comparing sulfur-
donor systems to those with oxygen- or nitrogen-donor atoms
around the cobalt center, the trend differs. The scatter plot in
Figure 7b illustrates the relationship between the logarithm of
the gpuman parameter versus the temperature dependence of the
*Co NMR chemical shift. The qg,ma, parameter was calculated
based on the number of peaks and their corresponding
energies in the Raman spectra. A clear trend emerges where
oxygen-based systems exhibit the highest temperature
sensitivity, followed by nitrogen-based systems, while sulfur-
based systems consistently show the lowest sensitivity. This
suggests that donor atom mass alone is not the sole
determining factor influencing temperature sensitivity; rather,
a more complicated combination of vibrational characteristics
and the coordination environment likely play a role in
governing this behavior.

Bl DISCUSSION

Proposed Origin of Low Temperature Sensitivity. The
motivating hypothesis behind the present study was that
heavier atoms would lower the energies of Raman-active
vibrations, increase the vibrational partition function (qruman);
and produce higher *Co thermal sensitivities. Surprisingly, the
obtained g ., and AS/AT values extracted from the Raman
spectra and NMR data are all instead relatively low compared
to other literature reports of ¥Co NMR thermometry. At the
same time, within 1—6, A6/AT follows qr,m.,. Hence, while
our work shows that a higher temperature sensitivity does not
simply follow from heavier donor atoms, the results from
studying 1—6 fall in line with the general model for
temperature sensitivity.

The spectroscopic data also contain two important disproofs
of other mechanisms that may control temperature sensitivity.
First, the work provides further evidence that *°Co &
temperature sensitivity does not follow the ligand field splitting
A,. Ramsey’s equation relates the *Co & inversely to the
energy of the first d—d transition of Co(III). It therefore stands
to reason that T-dependent changes in A, for systems with
weaker ligand field splittings would drive larger temperature
dependence for *Co §. Yet, 1—6 exhibit A, between those
typical for O-donor ligand fields (e.g.,, Co(acac);) and N-donor
ligand fields (like [Co(en);]**, en = ethylenediamine), but
AS/AT for 1-6 is lower than both sets of species. Thus, these
results provide additional disproof that electronic structure
alone is responsible for **Co A5/AT. Second, the temperature
dependence does not correlate with the C—N or C-S§
stretching frequencies. Dynamic, temperature-dependent
movement of the R groups could potentially influence the
C—N bond, and, by induction/resonance, the Co—S§
interaction, as a mechanism of temperature sensitivity. This
work disproves that option as a dominant influence.

Thermal Resolution and Spin Relaxation Mecha-
nisms. The ratio between the temperature sensitivity (AS/
AT) and the full-width half-maximum of the spectral peak
(v1/2 here in ppm) defines the resolution of a temperature
sensor as (AS/AT)/v,;, in units of °C™". A higher ratio
enables greater temperature sensing precision. Using the values
for A6/AT and v, , obtained in this study, we find resolutions
of 0.13, 0.06, 0.04, 0.15, 0.08, and 0.07 °C™" 1—6, respectively,
in CDCl,. These values vary slightly, by ca. 0.06 °C7}, as a
function of solvent. The resolutions of 1—6 are all comparable
to 'H NMR thermometers,” and in some cases, even slightly
higher, despite the larger AS/AT for the *Co nuclei relative to
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"H. However, the resolutions fall significantly short of those
displayed by Co(acac); and Co(accp),, which are ca. 3.66 and
3.18 °C™', respectively.'' To the best of our knowledge, 1—6
collectively exhibit the lowest resolutions of any *’Co
thermometers described in the literature.

We attribute the low resolutions of 1—6 to two features: the
low AS/AT values and the fast spin relaxation that broadens
peak line widths. The key question, then, is what the governs
that relaxation, as it should have a direct impact on the line
width. Note that, since T,* (lifetime broadening) closely
corresponds to T in magnitude and temperature dependence
(Figure S), differences in line widths should track closely with
differences in the operative mechanisms of longitudinal
relaxation. For *Co, there are four possible contributing
relaxation mechanisms, all associated with rapid molecular
tumbling in the extreme narrowing limit: (i) *Co quadrupolar
relaxation,”" (ii) field-dependent ¥Co CSA relaxation, (iii)
temperature-dependent spin-rotation relaxation, (iv) and
indirect scalar coupling of the second kind.”>”® The latter
two are discarded as major contributors, since increases in T
are not proportional to increased temperature and there are no
significant J-couplings that could outweigh contributions from
the quadrupolar interaction and CSA. We further note that
peak broadening was generally higher for samples in high-
viscosity solvents (which are not necessarily those with highest
polarity; see Figures S16 and Table S23), similar to other
studies.”” Our foregoing data show that these observations do
not reflect mechanism (iii) but rather the contributions of
these solvents to the correlation times for the operative spin
relaxation mechanisms.

The majority of our SSNMR data point toward a dominant
contribution to relaxation effects from the quadrupolar
interaction (QI) and chemical shift anisotropy (CSA). Indeed,
the *Co EFG and CS tensors and the T;(*?Co) relaxation
measurements from solution indicate that the quadrupolar
relaxation mechanism is dominant in every case, despite the
inhomogeneous broadening of the **Co CT patterns arising
from the SOQI and CSA having similar magnitudes. These
NMR data therefore suggest that cobalt complexes with
reduced values of C but large values of Q are likely the best
candidates for sharp-line width solution-state *’Co NMR
thermometers.

Our interpretation of all the collected data points toward a
synergy that induces the low thermometer resolutions of 1—6:
low AS/AT from low gryma, and fast relaxation from high Cq,
We note that T, can become long (on the order of seconds)
when the geometry is highly octahedral, such as in [Co-
(CN)4]*,”" where a long T, (and correspondingly long T,)
enables the line width to be dictated not by relaxation, but by
the homogeneity of the magnetic field of the NMR
spectrometer. In 1—6, the sharp bite angle of the CS,—donors
and the tris-ligated coordination shell distort the molecule
toward an axial, quasi-D; symmetry, which raises Cq and
shortens T, resulting in significant, quadrupolar-dominated
peak broadening.”

Potential for Coordination-Number Effects. After
reflection, we propose here a design hypothesis toward future
high-resolution thermometers that could include heavy-atom
donors. First, we note that a six-coordinate environment closer
to octahedral geometry would be advantageous to minimize
the effect of Cq on peak broadening. In principle, such a
structure can be achieved for Co—S¢ complexes by increasing
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the bite angles of the coordinating bidentate ligands or moving
to monodentate ligands.

A second hypothesized future design criterion should
address the observed low gruman (Scheme 1). A cursory

Scheme 1. Proposed Origin of Low Partition Coefficient in
1-6 Compared to Acetylacetonato Complexes and Analogs
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15t shell o
S R
/
Co< \>—N\
S R

/7 \
Co
)
0
3N -6 =15 vibrations

R
3N -6 =15 vibrations

0

1st+ 2nd ghell R
Co/

\
j
(o]
R
3N -6 =42 vibrations
ca. 3-3.5ppm/°C

A S
Co\s>— N\R

3N -6 =24 vibrations
ca. 1.2-1.8 ppm/°C

investigation of the 3N—6 vibrational degrees of freedom of
the Co—Og4 and Co—S4 coordination spheres reveals similar
expected numbers of vibrations (15 total, 12 Raman-active)
that contribute to AS/AT. If we instead think about the
second coordination shell, specifically, the number of atoms
that link the donor atoms, the results differ. For acac-like
ligands, which have three atoms linking the O donors, 42
vibrations are expected from that extended coordination shell,
35 of which are Raman active. In contrast, for the
dithiocarbamate ligands of 1—6, only one atom links the S-
donor atoms, and therefore the extended coordination shell
only has 24 total vibrations, 20 of which are Raman active.
Hence, ligands with larger connectivity between the S-donor
atoms may raise qg.n., enough for higher AS/AT. Such a
result would mimic the results of increased donor-atom
connectivity AS/AT studies on N-donor Co(III) complexes."

B CONCLUSION

In summary, this study represents the first comprehensive
examination of the Co NMR temperature dependence and
SSNMR characteristics of mononuclear Co—S4 complexes.
Though the heavier mass of the ligand shell did not simply
amplify the temperature sensitivity of the ’Co chemical shift,
the results nevertheless support the established link between
the vibrational partition function and temperature sensitivity.
Furthermore, our data rule out other potential mechanisms for
controlling temperature sensitivity, such as ligand dynamics
and pure electronic structure considerations. Designing Co—Sg
complexes with wider bite angles, similar to Co(acac),
complexes, could significantly reduce Cq contributions to
NMR relaxation and potentially make a large impact.

The counterintuitive suppression of the vibrational partition
function with heavier atoms bears further study. We do not
consider the story to be over for heavy-atom donors, because,
as described above, there is evidence that unanticipated ligand
effects in 1—6 may suppress the effects of the heavy donor
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atoms. Tests of ligands where the S-donor atoms are linked

through diatomic bridges or §reater (e.g., an S atom analogue
95 o s ; .

of acac,” or cyclic thioethers”) are ongoing and the influence

of those ligands on *°Co temperature sensitivity will be

reported in due course.
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