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Abstract

Many transition-metal complexes easily change their spin state S in response to external
perturbations (spin crossover). Determining such states and their dynamics can play a central role in
the understanding of useful properties such as molecular magnetism or catalytic behavior, but is
often far from straightforward. In this work we demonstrate that, at a moderate computational cost,
density functional calculations can predict the correct ground spin state of Fe(Il) and Fe(IlI)
complexes and can then be used to determine the '"H NMR spectra of all spin states. Since the
spectral features are remarkably different according to the spin state, calculated 'H NMR
resonances can be used to infer the correct spin state, along with supporting the structure elucidation

of numerous paramagnetic complexes.



Dalton Transactions

Introduction

Many transition-metal complexes can exist in different electronic configurations, leading in
turn to states of different spin S. The most stable spin state of a given complex can often be
empirically predicted on the basis of ligand-field strength arguments (or by comparison with similar
ones) but this approach is not always straightforward or feasible. In fact, when the separation
between the energy of spin states is small, even subtle changes in the ligands may cause a switch in
the relative stability. This phenomenon acquires a major significance whenever the spin transition is
triggered by external factors such as temperature (when the energy difference is comparable to £7),
pressure (owing to the different bond lengths that are typical of each spin state) or light (LIESST).
Such factors may give rise to the so-called spin-crossover (SCO), a phenomenon which is being
intensely investigated in molecules, materials,' single-molecule magnets® or even ionic liquids® as a
means to store information. Indeed one of the most studied examples of spin crossover is probably
that of iron: according to the ligands, Fe(IT) complexes (d°) can exist in the singlet (S = 0), triplet (S
= 1) or quintet (S = 2) states; likewise, Fe(IIl) complexes (d°) can exist in the S =1/2, S=3/2 or § =
5/2 states. In a biochemical context, it is worth recalling that a spin-state change of Fe(IIl) lies at the
root of the catalytic cycle of cytochrome P450.*

Clearly, being able to probe and predict the spin state of such kind of complexes represents
an attractive perspective, since this would allow to design complexes with desired characteristics for
specific tasks. An important advancement in this area is the development of force fields
parameterized against the spin-state energies of Fe(Il) complexes, which may allow for the
exploration of many potential candidates for a given property.’

In the case of iron complexes, the spin state is generally assessed by Mossbauer and EPR
spectroscopies, or by measuring the molecular magnetic moment via NMR spectroscopy. The
former technique, however powerful, is essentially limited to Fe and may require °’Fe enrichment,
whereas the short relaxation time of Fe(ILIII) (107" to 107" s) may lead to barely detectable EPR
lines. In contrast (and for the same reasons), "H NMR spectra of paramagnetic iron complexes are
fairly easy to obtain® but are mostly used only to estimate the magnetic moment, despite the wealth
of information that could be gathered by a detailed spectral analysis.

On the other hand, the interpretation of such '"H NMR spectra is complicated by line
broadening and major paramagnetic shifts, which lead to “unpredictable” resonance frequencies, to
the point that integrated intensities, or the spectra of selectively labeled isotopomers, may be the

sole solid ground against which the spectra — if available at all — are interpreted.® Indeed, while
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several articles'”® have reviewed specific classes of SCO complexes, NMR spectroscopy is not
routinely used for their characterization, and such data are hardly assigned or even reported.

Some empirical criteria, which employ DFT calculations, have been proposed to correlate
NMR spectra with the electronic configuration and hence on the spin state of iron porphyrins,g’10 but
their scope may not be general.

Many difficulties can, in principle, be overcome by computing all the needed spectral
features by the same quantum-chemistry methods that have been successfully applied to the
prediction of the spectra of diamagnetic molecules.''™ An analogous approach aimed at open-shell
species (including transition-metal complexes) is much more involved, since it also requires the
calculation of the g tensor and of the hyperfine couplings for any arbitrary spin state.'' Methods for
improving the calculation of these quantities are still under development.'***

Even with some well-known limitations and caveats of current DFT methods, the NMR
spectra of several paramagnetic molecules and complexes have been successfully predicted by DFT
at moderate computational cost,”?* but in all cases so far investigated the spin state was
unequivocally known.

This evidence leads to the question: is NMR spectroscopy an adequate characterization tool
to probe the spin state when it is unknown or when it may change in response to external
perturbations? In other words, can NMR spectra distinguish unequivocally among possible spin
states? In order to address this issue one needs computational methods that, on top of being
sufficiently accurate to provide a meaningful prediction of NMR parameters, should be able to rank
the energy of all spin states in the correct order.

The performance of quantum-chemistry methods with regard to spin-state energetics and
SCO has been reviewed and density functional theory methods have received special attention.>*
Other pertinent examples include the theoretical analysis of SCO pathways in square-planar grid
complexes,” and the prediction of SCO temperature.*’

The B3LYP* functional proposed by Reiher (derived from the widely used B3LYP but with
a lower percentage of Hartree-Fock exchange)’' was shown to give correct predictions of the spin-
state energies of various Fe(IT) complexes."*>*'>* In a different context, Swart indicated a superior
performance of Slater basis sets in contrast to gaussian ones with respect to ease of convergence and
a good performance of the OPBE functional.™?® A recent systematic investigation by Neese®’
concluded that the best results are obtained by the double-hybrid B2PLYP functional,®® where
correlation is dealt with in an MP2-like ab initio step. Despite the good results thus obtained, this

approach (coupled with a very large basis set as recommended) effectively limits application to
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smaller systems than those of current interest. This limitation becomes especially severe for the
more expensive NMR calculations.

Thus, there remains the need for a computational method that is sufficiently accurate and
inexpensive to satisfy the two-fold requirement of energetics and NMR, along with a general scope
of application. With this aim in mind, we have focused on a series of Fe(ILIIl) complexes in all
their allowed spin states, following a preliminary benchmark investigation of various combinations

of density functionals and basis sets.

Computational and Experimental section

Computational details. We have proceeded along two parallel paths, i.e. adopting either
gaussian or Slater basis sets in order to check for the robustness of a given combination of density
functional and basis set. The calculations were carried out with Gaussian 09°° and ADF* software,
respectively.

In calculations with gaussian basis sets, the geometries of complexes in groups (a) and (b)
(see below) were optimized with several functionals (hybrid: B3LYP, B3LYP*, X3LYP, PBEO;
meta-hybrid: M06, M06-2X; meta-GGA: MO06-L) and the 6-31G(d,p) basis set, followed by
vibrational analysis to yield zero-point energies. Final energies were computed with each respective
functional; NMR parameters only with B3LYP*. The cc-pVTZ basis set was employed in both
cases. The B3LYP* functional in Gaussian 09 is invoked through the following route: B3LYP
10p(3/76=1000001500) 10p(3/77=0720008000) IOp(3/78=0810010000).

The contact contribution (orc = —Orc) to the total shielding ¢ was determined according to
eq. (2), so that 6 = Gop, + Gpc and & = Gyer — 0, With Grer = 31.08 ppm (for TMS at the same
theoretical level). The temperature was set to the value indicated in the reference works.

In calculations with Slater basis sets, geometries were optimized at the OPBE/TZP level (i.e.
with a GGA functional), followed by single-point energy calculations with various functionals
(B3LYP, B3LYP*, PBEO, M06, M06-L) and the TZ2P basis set. The choice of OPBE was

36,37 a .
d;>™”" no vibrational analysis was

motivated by the good results it afforded, as previously note
carried out. Complexes (b) were investigated only with the B3LYP* functional along the same
lines.

Experimental section. [Fe“(phen)z(I\ICS)z] (11) was synthesized according to literature
methods.*! 'H NMR spectra were recorded in DMSO-dg at 298 K on a Bruker Avance III
spectrometer operating at a proton resonance frequency of 500.13 MHz. Chemical shifts are

referenced to residual DMSO. 128 scans with a spectral width of 200 ppm were acquired

4
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(acquisition time 0.4 s). IR spectra (solid state: KBr pellet; liquid state: DMSO) were recorded on a
Perkin Elmer 1720X instrument.

Results

Details of the iron complexes investigated in this work are given in Scheme 1, along with
their full structures; in order to facilitate a comparison with the literature, the labeling scheme
adopted in the original works was retained wherever possible. The known ground-state multiplicity
is given; however, the energy gap to the next spin state is not always experimentally known.

(a) Fe(Ill) and Fe(Ill) complexes differing in the ground state multiplicities. The
[Fe(NuS4)(L)] series: L = NO™ (1), CO (2), PMe; (3), PH; (4), N,Hy (5), NH; (6). 1-4 (S = 0); 5-6
(S = 2).2%7 [Fe"(por)C1] (7, S = 5/2); [Fe"(pyPepS)]” (8, S = 1/2); [Fe\(tsalen)CI] (9, S = 3/2);
[Fe" (N(CH,-0-C¢H4S)5(1-MeIm)] (10, S = 5/2).*7 These complexes were considered for
comparison purposes with regard to their spin-state energies, because their NMR spectra are not
available; details are reported only in the Electronic Supplementary Information (ESI).

(b) Fe(IIT) complexes with assigned experimental NMR spectra: [Fe(L)CI] (11, S = 3/2);*
[Fe"(oetpp)(HIm)]" (12, S =3/2)."

(c) Fe(Ill) complexes known to exhibit thermal spin crossover: cis- and trans-
[Fe''(phen),(NCS),] (13a-b, S = 2);*"*" [Fe"(L1RR,)(py):] (14: R, = OEt, R, = CH3; 15: R; = CHs,
R, = CHjs; 16: Ry = OEt, R, = OEt; S= 2).44 Calculations with Slater basis sets were performed only
for 1-13a.

Ligands are abbreviated as follows. NySs = 2,2'-bis(2-mercaptophenylthio)diethylamine
dianion; por = porphyrinate; pyPepS = N-(2-mercaptophenyl)-2-pyridinecarboxamide); tsalen =
N,N'-ethylenebis(thiosalicylideneiminato); N(CH,-0-C¢H4S); = 2,2',2"-(nitrilotris(methylene))tri-
benzenethiolato, MeIM =  methylimidazole; L = diethyl 5,14-dimethyl-1,4,8,11-
tetraazacyclotetradeca-4,7,11,14-tetraene-6,13-dicarboxylato; oetpp = 2,3,7,8,12,13,17,18-octa-
ethyl-5,10,15,20-tetraphenyl-21H,23H-porphinato; HIm = imidazole; phen = 1,10-phenanthroline;
L1 = N,N'-o-phenylenebis(R,R'-vinylamido).
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Scheme 1. Structures of complexes 11-16. In 12, the porphyrin system is strongly non-planar; therefore the ethyl groups
may be “up” or “down” with respect to the imidazole ligand. The labeling scheme adopted in the original works was

retained as much as possible. For 14-16, two axial pyridine ligands are not drawn.
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Spin-state energies

The triplet state (S = 1) was also considered for Fe(Il) complexes, but was never found to be
more stable than the singlet or the quintet; therefore it will not be further discussed, except for a
single illustrative example (see below).

Various density functionals were tested with gaussian and Slater basis set on complexes (a),
as noted above. It is difficult to draw general conclusions, because most energy gaps between the
spin states are known at best in a semi-quantitative way (if SCO is observed, AE should be of the
order of kT see below). In general, hybrid and meta-hybrid functionals tended to stabilize high-spin
states, as known, whereas the OPBE (GGA) and M06-L (meta-GGA) functionals provide correct
energies in most cases (the former may be recommended for larger systems, owing to its faster
evaluation). However, the best overall performance was observed with B3LYP*.

The results for complexes 1-16 are presented graphically in Scheme 2 at the B3LYP*/cc-
pVTZ level; complete results (including those with Slater basis sets, which yielded the same results)

are provided in the ESI (Table S1: compact form; Tables S2-S3: detailed).

WS=1/2 WS=3/2 MS=5/2

(b)

Scheme 2. Summary of relative energies of spin states of iron complexes at the B3LYP*/cc-pVTZ level. See the ESI
for results with other density functionals (Tables S1-S3) and Scheme 1 for structures. (a) Fe(II), (b) Fe(II). Energies (in
kJ mol ") are ranked with respect to the most stable spin state and the known ground-state multiplicity is highlighted in
a box. Hence, a highlighted value of zero indicates a correct prediction.
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The predicted ground state is correct for 1-6. Fe(Ill) complexes are predicted correctly
except for the porphyrinate 7; however, the difference between the two states is less than 8 kJ mol ™,
which is within the expected error of DFT methods. Remarkably, SCO complexes give energy
differences of ca. 4 kJ mol™' between the S = 0 and S = 2 states for 14-16, indicating that this
method is capable of correctly highlighting complexes with such a feature. When the calculated
energies are close to each other (less than 20 kJ mol ™), inclusion of zero-point energies may reverse
the relative stability, as in the case of 16, where the prediction is incorrect without ZPE; otherwise
the balance is essentially unaffected.

In summary, the B3LYP* functional, which was designed to remedy the known tendency of
B3LYP to overstabilize high-spin states,’’ seems to be a good choice to predict spin-state energetics
at the same computational cost as the all-purpose B3LYP. This conclusion holds for both gaussian

and Slater basis sets, thereby allowing for a wide choice of methods.

NMR spectra

The acquisition and assignment of NMR spectra for paramagnetic compounds is not trivial,
because the signals appear at unusual resonance frequencies (generally unrelated to typical
structural effects) and are often broadened, sometimes beyond detectability. The reason is that the
resonance frequencies of paramagnetic molecules are dominated by interactions between nuclear
and electron magnetic moments (i.e. the Fermi contact and dipolar interactions) which add to the
usual diamagnetic (orbital) contribution. In general, the observed shift for a paramagnetic molecule
can be written as eq. ( 1)6

8 = Oorb T OFC + Opc (D

The orbital term (3p) is equivalent to shielding for diamagnetic molecules and generally it
lies close to that of an analogue diamagnetic system. The Fermi contact term (Src) originates from
the scalar interaction between the magnetic moment of the resonant nucleus and the effective local
field arising from the unpaired electron density at the same nucleus, as given by eq. (2)

27 S(S +1)
Ope =— i A 2
FC 7/1 ngO B 3kT ( )

where  is the magnetogyric ratio of the nucleus /, gis, the isotropic electron g-factor, 5 the Bohr
magneton, A the isotropic hyperfine coupling constant in frequency units, and k7 the thermal
energy.® Contact shifts have therefore been estimated through eq. (2) taking advantage of calculated

values of g. and 4 for each assumed S value of complexes 11-16.
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The pseudocontact term (Spc) couples the nuclear magnetic moments with the static induced
magnetic moment of the molecule: this term depends on the anisotropy of the magnetic
susceptibility tensor (or, in an alternate view, on the anisotropy of the g tensor). Its evaluation
requires an accurate prediction of the components of the g tensor; even then, this would not
guarantee to obtain accurate pseudocontact shifts, since the current approach® adopts a metal-
centered, point-dipole approximation which is probably inadequate for systems with highly
delocalized spin densities as those dealt with herein. However, in most transition-metal complexes
(except lanthanides) Spc is negligible with respect to Spc;® therefore, this contribution will be
neglected.

Another prominent feature of paramagnetic NMR spectra are the broad lines, which can be
understood in terms of two main electron-nuclear interaction mechanisms (dipolar and hyperfine)
leading to fast nuclear relaxation. The longitudinal and transverse relaxation times can be expressed
by the Solomon-Bloembergen equations which include structural parameters, such as the electron-
nuclear distance () and the electron-nuclear hyperfine coupling constant (4), along with molecular-
dynamics parameters like the rotational correlation time (t,) and the correlation times for the
electronic and exchange interactions (ts, Tv). In this work, line widths W = 1/xT, (where T, is the
transverse relaxation time) have been estimated from Solomon-Bloembergen equations (eq. S1-S2),
using calculated values of 7, gis, and 4 for each assumed S value. The electron relaxation time 1. was
assumed to be 5 x 107" s for Fe(Il) and 10'" s for Fe(IIl).® Rotational correlation times were
estimated from calculated molecular volumes: note that uncertainties in correlation times will
systematically affect all line widths (See ESI for details).

NMR results are presented graphically, as a comparison of experimental and calculated
spectra; all numerical data are collected in Table S4. A more detailed analysis (correlation plots of
Ocale VS. Oexp) 1s collected in the ESI (Figure S2). Isosurfaces (isovalue 4 10 au) of the spin
densities for some complexes are displayed in Figure 1; they give a qualitative picture of the degree
of spin delocalization and associated shifts.

We remark that NMR parameters have been computed only with the B3LYP* functional.
Hybrid functionals with a larger percentage of Hartree-Fock exchange have been recommended for
computing the shielding of paramagnetics (e.g. modifying BPW91 with 30% exchange).23 Our
choice is motivated by the need of retaining the same method that provided correct spin-state
energies (and therefore a correct electronic structure), which is justified a posteriori by the good

agreement with experiment thus attained.
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11, 5=3/2

13b, §=2

14,5=2

Figure 1. Isosurfaces (isovalue 4 x 10~ au) of the spin densities for representative iron complexes.
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[Fe"™(L)C1] (11). This complex is known to adopt the S = 3/2 state in the 278-348 K
temperature range, showing an ideal Curie behavior which indicates the presence of a single spin
state.*? Calculated relative energies clearly indicate an S = 3/2 ground state, with the low- and high-
spin states well above in energy (35-40 kJ mol™'; Scheme 2).

Calculated shifts are plotted against experiment in Figure S2a, while NMR spectra are
collected in Figure 2; the correlation for S = 3/2 is excellent across ca. 300 ppm. Note that the CH,
ligand bridge protons (H-5,5' and H-6,6") are not equivalent and give rise to four distinct
resonances. Also, the spin density is delocalized across the whole framework; most protons (except
H-4 at —188 ppm) experience only moderate shifts. The spectral patterns that arise from each S

value are strikingly different in the shift range, relative ordering of signals and their widths.

11
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Figure 2. Experimental and calculated 'H spectra of 11. (a) Experimental spectrum at 318 K. (b)-(d) Calculated spectra
with § = 1/2 (b), 3/2 (c¢) and 5/2 (d). Experimental spectra reprinted with permission from B. Weber, F. A. Walker, K.
Karaghiosoff, Z. Anorg. Allg. Chem. 2013, 1498-1503. Copyright 2013 Wiley-VCH.

[Fem(oetpp)(HIm)]+ (12). This complex was reported by Nakamura and coworkers® as a
cytochrome ¢’ model; it is known to be in the quartet state (S = 3/2) at room temperature and to
undergo spin crossover to a mixed (S = 5/2, S = 1/2) phase below 60 K. Well-resolved 'H spectra,
spread over a 100-ppm range, are available and were analyzed and assigned also by correlation
experiments. Only three signals are experimentally found for the imidazole ligand, probably owing
to ligand and proton exchange. Most differences between calculated and experimental spectra are

12
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due to the mobile ethyl group attached to the rigid porphyrin core; this is somewhat expected
because we did not investigate the possible alkyl-chain conformers in any detail, nor the effects of
conformational processes involving the whole porphyrin core.'

Calculated energies definitely favor the S = 3/2 state, whereas the S = 5/2 state is ca. 45 kJ
mol ™" higher in energy; the S = 1/2 state could not be calculated, owing to lack of SCF convergence.
Calculated shifts for S = 3/2 and 5/2 are plotted against experiment in Figure S2b and NMR spectra
are collected in Figure 3. The calculated spectrum for S = 3/2 matches experiment better than the

one for S = 5/2 as expected,” even though the calculated shifts span a similar range.
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Figure 3. Experimental and calculated 'H spectra of 12. (a) Experimental spectrum at 298 K, and detail of the crowded
region between 30 and —5 ppm. (b)-(c) Calculated spectra with § = 3/2 (b) and S = 5/2 (c). Experimental spectra
reprinted with permission from A. Ikezaki, M. Takahashi, M. Nakamura,. Angew. Chem. Int. Ed. 2009, 48, 6300-6303.
Copyright 2009 Wiley-VCH.

[Fe" (phen),(NCS),] (13). This compound is the prototype of spin-crossover complexes and

. . 45 . 12631374647 - L :
has been the subject of numerous experimental™ and computational™” "™’ investigations. It is

13
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generally assumed to have a diamagnetic ground state (S = 0) and to undergo a spin transition to S =
2 at 175 K in the solid state*® The experimentally determined thermodynamic parameters for the
interconversion are: AH = 8.6 kJ mol™, AS =49 J mol™' K!,*® which correspond to AG = ca. 0 kJ
mol .

It can exist in a cis (13a) or trans (13b) configuration; the two are easily distinguished by IR
spectroscopy, because the CN stretching band occurs as a single or double peak for the frans and
cis, respectively. The IR spectrum in the solid state is consistent with the cis isomer, whereas in
DMSO solution (adopted for NMR) the complex is present in the trans configuration, as shown by
the single peak at 2055 cm™ (Figure S3).

The calculations indicate that the spin-state energetics are different for the cis and trans
isomers. For 13a (cis) the S = 1 state is ca. 45 kJ mol™" higher in energy, whereas the energy gap
between the S = 0 and S = 2 states does not exceed 8 kJ mol ', which agrees with experimental
results. For 13b (trans), both the S = 0 and 1 states are much higher in energy (by 35-40 kJ mol ™)
than S = 2, which can be considered the only populated state at room temperature. Thus, spin
crossover is borne out only for the cis isomer.

Low-spin Fe(I) complexes are diamagnetic and therefore provide easily assigned spectra.
The '"H NMR spectrum of 13 at room temperature (Figure 4a) features the expected four signals
with 1:1:1:1 integrated intensities, paramagnetically shifted, the most prominent feature being a
broad signal at 163 ppm. These could not be assigned with correlation experiments, owing to fast
relaxation.

Given the spin-state energetics outlined above, the distinction between the two isomers
concerns only the S = 2 state. The calculated NMR spectra of 13a and 13b are qualitatively similar,
except that the ortho proton in 13a and 13b is predicted respectively at 235 and 181 ppm; the good
agreement with the latter confirms that 13b is present in solution, and allows to assign the signal at
163 ppm as H-o. If the other signals are assigned by arranging them in increasing order (see Figure
S2¢), a good correlation with a slope close to unity is obtained. In doing so, it is worth to point out
that the signal line widths also qualitatively agree with the calculated ones: for example, the signal
at 52 ppm is rather broad, as is the calculated one for H-m (77 ppm).

The spin densities of 13a-b are reported in Figure 1. In the cis isomer the spin density is
more delocalized onto the aromatic ligand, in agreement with the higher deshielding of all the
protons in 13a with respect to 13b.

Therefore, the results are consistent with the frans isomer (13b) in the quintet state (S = 2) at

room temperature. For completeness, the calculated spectrum of the unstable S = 1 state is also

14
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compared with experiment in Figure 4. Even though the correlation is of similar statistical quality
(except for the small slope, see Figure S2c¢), the ortho proton (89 ppm) turns out to be much more

shielded than experiment (163 ppm) and the experimental and calculated line widths do not match.

. L @
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Figure 4. Experimental and calculated 'H spectra of 13b. (a) Experimental spectrum at 298 K in DMSO. (b)-(c)
Calculated spectra with S =1 (b) and 2 (c).

[Fe" (L1R;R,)(py)2] (14-16). These complexes are known to have a quintet ground-state
multiplicity (S = 2) at room temperature, undergoing SCO to the singlet state (S = 0) around 200
K.** The experimentally determined thermodynamic parameters for the interconversion are: AH =
18.2 kJ mol™', AS =88 J mol™' K at 207 K (14) and AH = 25.5 kJ mol™", AS =121 J mol ' K" at
211 K (15);* both correspond to AG = ca. 0 kJ mol'. However, the experimental magnetic

susceptibility never reaches the expected values for S = 2 measured for some analogues,*’ which

15
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suggests that even at room temperature the quintet state is not fully populated. "H NMR spectra®
are consistent with a paramagnetic state and were empirically assigned; a major feature is an
extremely deshielded signal at ca. 500 ppm along with other moderately shifted peaks. Signals from
the pyridine ligand were not reported.

The calculated energy gap between S = 0 and 2 is 14 kJ mol™" at most; upon inclusion of
ZPVE, the quintet state becomes less stable than the singlet by < 3.5 kJ mol™' (Scheme 2), i.e. the
two states can be considered isoenergetic within the accuracy expected for this level of theory. The
order of magnitude of the computed gap is consistent with experiment.

The calculated spectral parameters for 14-16 in the S = 2 state are plotted against the
experimental ones in Figure S2d, and the spectra compared in Figure 5. All parameters fit
experiment fairly well, especially 14 and 15. For 16 the agreement is worse; this complex is
characterized by flexible ethyl chains, whose accessible conformational space greatly complicates
the analysis. Since even slight conformational changes may cause noticeable changes in 4 (and

2324 the discrepancy is not surprising. A noteworthy feature is the very deshielded H-i

hence in Sgc)
peak, which is correctly modeled as the one experiencing the highest spin density (Figure 1). The
slopes of the correlation lines are 1.6-1.7, i.e. the calculated shifts are much larger than experiment;
e.g. the H-1 peak at ca. 550 ppm is calculated at ca. 900 ppm. This is consistent with the complexes
not being completely in the quintet state. The overestimated value can be reconciled with
experiment by recalling that at room temperature the two spin states exchange at a much higher rate
than the NMR time scale.* Recalling that the high- and low-spin states are essentially isoenergetic,
exchange with the singlet state would lead to a substantially smaller shift for H-i. Overall, the

spectral features and magnetic susceptibility experiments are consistent with the predictions for the

S = 2 state with coexistence of the low-spin diamagnetic state in fast exchange.
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Figure 5. Experimental and calculated 'H spectra of (left to right) 14-16. Top panel: experimental spectra at 298 K;
bottom panel: calculated spectra for S = 2. For clarity, the signal at ca. 500 ppm is not shown. S denotes a solvent peak.
Experimental spectra reprinted with permission from B. Weber, F. A. Walker, Inorg. Chem. 2007, 46, 6794-6803.
Copyright 2007 American Chemical Society.

Discussion

The results presented herein further showcase the predictive power of relatively inexpensive
DFT calculations at predicting both the relative spin-state energies and the associated paramagnetic
NMR spectra. Thus, the B3LYP* functional ranks the energies of all the investigated Fe(IL,III)
complexes in a qualitatively correct order; the OPBE functional exhibits a similar performance. A
large energy gap between the ground spin state and the others is reflected in the presence of a single
non-crossover species, whereas for known spin-crossover species the spin-state energy differences
lie below 8.5 kJ mol . Therefore (at least within the current scope), this approach allows to make
reliable predictions of the spin-state energetics and can be put to advantage in designing complexes
endowed with the desired characteristics.

Concerning NMR spectroscopic properties, it is firstly confirmed that the major features of
paramagnetically shifted NMR spectra are predicted with sufficient accuracy to assign most peaks
without recourse to empirical arguments. Noteworthy, these conclusions hold even within a
simplified framework like that embodied in eq. (2), and within the accuracy of common DFT

methods. Problems may arise in the case of conformationally flexible species, since each conformer
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may appreciably differ in its hyperfine coupling constants and therefore provide results that depend
heavily on the specific conformer obtained by geometry optimization (similar problems are
encountered with diamagnetic molecules too, except that the differences are then much smaller).
This shortcoming can probably be addressed by employing the same tools developed and tested for
conformationally flexible diamagnetic molecules,'>*”! but does not introduce further conceptual
complexity.

A straightforward application of these notions concerns the capability of understanding the
spectra of paramagnetic reactive intermediates like those encountered in catalytic cycles mediated
by transition-metal complexes; their NMR spectra are generally difficult to obtain, which adds to
the difficulties in assignment.’> Application to the investigation of such reaction mechanisms can
then be envisioned.

The final and most important issue concerns whether NMR spectra provide a reliable tool to
establish the spin state unambiguously. As we have seen, the protocol presented here ranks the spin
states in a correct energy ladder. Therefore, the same calculations can be used to obtain virtual
NMR spectra for each state, including those that are energetically distant or experimentally
inaccessible. The question is, then, whether such spectra differ in ways that can be exploited in
practice.

In the case of Fe(Il) the answer may be “trivial”, in the sense that if the only viable states are
S =0 and S = 2 the low-spin state is diamagnetic and is easily told apart. However, even in this
relatively simple instance a calculation will allow one to assign the spectrum of the high-spin state
(see e.g. 13) and, even more importantly, indicate the presence of a mixed state, as shown in the
case of 14-16. Moreover, Fe(Il) complexes may in principle also be in the S = 1 state, in which case
(see 13) the NMR spectrum will not indicate either state without computational support.

Fe(Ill) complexes, on the other hand, are always paramagnetic. As clearly shown by
complex 11 in Figure 2, the three spin states give rise to deeply different spectral features which,
while not predictable in any intuitive way, can nevertheless be calculated and assigned. In this
striking case, even the shift ranges are so different that the only spin state observed (S = 3/2) is
borne out. In the case of 12 the differences are less marked (Figure 3) but still easily detected, also
by a correlation plot (Figure S2b).

Prediction of line widths relies to a great extent on the electronic relaxation time, which is
not always available; for this work we have adopted recommended values, which may not be fully
adequate for all complexes but would affect all line widths systematically. Nonetheless, these

choices do yield relative line widths that match experimental ones (see e.g. the sharp lines of H-a,
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H-m and H-p vs. the broad H-o peak in the spectrum of 13b), thus adding a further constraint for
spectral assignment.

As a final comment we recall that, with few exceptions,53 spin-crossover phenomena are
observed at such low temperatures that a comparison with experiment is possible only by solid-state
NMR which, in the case of paramagnetics, is fraught with several technical difficulties. Along with
the unpredictably large paramagnetic shifts, shift anisotropies may reach 1000 ppm,** and
anisotropic bulk magnetic susceptibility effects further complicate the picture. In fact, solid-state
NMR experiments performed with standard magic-angle spinning (< 10 KHz) will generally yield
very broad spectra populated by spinning sidebands with low S/N. Nevertheless, dramatic
improvement in the sensitivity and resolution of NMR spectra have been achieved by means of
ultrafast magic-angle spinning (above 60 KHz) and short recycle delays.”® Furthermore, the
problem of overlapping spinning sidebands can be overcome by use of pulse sequences that
incorporate adiabatic pulses.*

Thus, although the context is challenging, new avenues of investigation can easily be
envisioned where the capability to predict the NMR spectral features can be exploited to

characterize the structure and spin dynamics of a wide array of paramagnetic materials.

Conclusions

The B3LYP* functional is capable of ranking the energy of the spin states of Fe(II,III)
complexes with good accuracy at a moderate computational cost. This method also yields calculated
paramagnetic NMR spectra for each spin state, which are sufficiently different to allow for a
reliable identification. Most importantly, this evidence suggests that the different features of the
NMR spectra of paramagnetic species (based on iron or otherwise) can be exploited both to

characterize their structure and to identify their spin states.
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