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ABSTRACT: The relationship between structure and exchange
coupling constant ] is of interest for the rational design of molecular
open-shell systems in the context of molecular magnetism, dynamic
nuclear polarization, and quantum information science. However,
even for the basic relationship between ] and the distance r
between two spin centers for the archetypal oligo(p-phenylene)
bridge, there are only a few and contradicting experimental and
theoretical data. We therefore synthesized a series of six trityl-[ (p-
phenylene),_,_]-trityl biradicals and used Electron Paramagnetic
Resonance methods to extract J values in the range from 17.5 MHz
to 235 GHz. We find a distance dependence parameter f# of 0.11
A" for unsubstituted and 0.67 A™" for substituted oligo(p-phenylene) bridges. This places unsubstituted oligo(p-phenylene)-bridges
into the spin-conductor regime and highlights the tunability of conductance by substitution, ie., increase of the dihedral angle
between the phenylene units. DFT calculations employing low Fock-exchange fraction functionals exhibit some limitations in
reproducing the experimental ] value, particularly in the weak coupling regime. Furthermore, biradicals with n = 3 — S exhibit spin
coherence of 1.2 ys at room temperature in the solution state. These long coherence times, combined with the modular bridge
design, position bistrityl systems as promising candidates for applications in quantum information technology.
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Bl INTRODUCTION

The electron spin—spin coupling in molecular open-shell

spin centers. While the first mechanism is important at short
distances (<1 nm), superexchange can facilitate spin—spin

systems is of interest in the context of structural biology,'

molecular magnetism,” quantum information technology
(QIT)," and dynamic nuclear polarization (DNP).® This
makes the understanding of the relationship between
molecular structure and magnetic interaction important when
designing new systems with anticipated properties. The
electron spin—spin interaction between paramagnetic centers
can be divided into the dipolar and exchange coupling. The
dipolar contribution is described by the spin Hamiltonian

Hyp, = §\1D§\2, where ?l are the vectors for spins 1 and 2
containing the electron spin operators gx, .ASy, and SZ, and D is
the dipolar coupling tensor, which is used, e.g, in pulsed
dipolar electron paramagnetic resonance spectroscopy (PDS)
for studying structures of biomolecules.” The magnetic
exchange coupling is described by the spin Hamiltonian

A, = —2]3\13\2, where | is the exchange coupling constant,
which plays a role in, e.g, molecular magnetism.“’8 While the
dipolar coupling is governed by a distance dependence of 1/
*, the distance dependence of J is an exponential decay
function and depends on two mechanisms:*" (1) a through-
space mechanism, ie., direct overlap of the spin-bearing
orbitals, and (2) a through-bond or superexchange mechanism,
which couples the spins through o- or 7-bonds connecting the
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coupling over lager distances, e.g, 3.6 nm,'? if the connecting
bridge is a conjugated 7-system. The distance dependence of |
is commonly described by (eq 1):"'

J(r) = Je " 1)

where J(r) is the exchange interaction at a distance r, J; is the
exchange interaction at r = 0, and f is the decay constant. The
decay constant f is a measure of the mediating properties of a
bridge and is also used in the context of molecular
conductance'” or electron transfer.'” f-values of 0.1 A™!
indicate conducting bridges, whereas values close to 1 At
indicate insulating bridges.

Prominent examples of molecular bridges are the oligo(p-
phenylene)s, because long chains with n up to 75 can be
synthesized, and they are regarded as being conjugated up to
several units.'* However, the phenyl groups in solution adopt
in the energy minimum a dihedral angle of about 32° with
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Figure 1. Lewis structure of the discussed biradicals. Biradicals with (A) oligo(p-phenylene) bridge with experimental and theoretical studies on
J(x), and (B) with trityl spin centers. f, and Ny, indicate the number of bridging units in experimental or theoretical studies, respectively.

respect to each other,'” thereby diminishing 7-conjugation,'®
and raising the question of how spin-conducting oligo(p-
phenylenes) are. This question has been addressed using both
organic radicals'’~"? and metal-complexes™ as spin centers
(Figure 1A). Among the former, nitronyl nitroxide- and
verdazyl-based biradicals with one to six bridging phenylene
units have been investigated by DFT methods, yielding J-
values ranging from —244.7 to —0.03 cm ™' and —79.5 to —0.01
cm™!, respectively. Based on these data, f-values of 0.42 and
0.44 A~ were obtained for nitronyl nitroxides and verdazyl
radicals, respectively.”' In 2010, Higashiguchi et al. inves-
tigated three of the nitronyl nitroxide biradicals experimen-
tally.'” However, they introduced the conjugation breaking
bicyclo[2.2.2]octane into the oligo(p-phenylene) bridge to
diminish ] and to make it measurable through simulation of the
fine structure of continuous wave (cw) X-band Electron
Paramagnetic Resonance (EPR) spectra. In that way, they
found an experimental fS-value of 0.51 A™". In 2003, Pardo et
al. used dinuclear copper(1I) metallacyclophanes to investigate
J(r) by DFT employing one to five bridging phenylene units,
and found S = 0.35 A~1.*° Experimentally, they only measured
the phenyl- and biphenyl-bridged complexes, and conclude,
based on a qualitative comparison of the experimental and
theoretical J-values, that the theoretical prediction for f fits.
However, it has been shown that DFT methods cannot reliably
calculate J-values for the low wavenumbers encountered here
and varies strongly with the amount of exchange-correlation of
the used functional.”” In 2013 Kirk et al. investigated J in a

series of three biradicals made of semiquinone and nitronyl
nitroxide radicals.'” This series ranged from direct coupling
without a bridge to a biphenyl-bridged system, giving a S-value
of 0.39 A~'. However, the inclusion of the directly coupled
biradical systems is questionable, because at short distances,
direct overlap of the orbitals may contribute and raise the
magnitude of ], which is not included in the superexchange
model used. Furthermore, their experimental structures
revealed that the dihedral angles between the respective radical
and the adjacent bridge unit changed noticeably depending on
the number of bridging units. Since the conjugation is strongly
dependent on the dihedral angles between the units,” this
further augments the observed J-values and resulting . Thus,
all these studies include either broken/altered conjugation or
only two data points and qualitative comparison with
questionable DFT calculations, leaving the question of how
spin-conducting oligo(p-phenylenes) are, still an open one.
To enable experimental measurements of J over a larger
magnitude range and thus distance range, the spin density of
the radical group should delocalize into the bridge. Therefore,
the tetrathiatriarylmethyl radicals (TAM-type or trityl radi-
cals), are of interest, because ~30% of their spin density is
distributed into the trityl's aryl groups, which enables
delocalization of spin density further into the oligo(p-
phenylene)-bridge.”**> Because of the carbon scaffold with
low abundance of magnetically active *C, and no hydrogen
nuclei in the immediate surroundings, trityl radicals display in
EPR experiments a narrow spectral line, high sensitivity, and a
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Figure 2. Structures of oligo(p-phenylene)-linked trityl biradicals 1°*—6°°. For the trityl structure in the box the positions of the central- (C.), ipso-
(Cy), ortho- (C,), meta- (C,,), and para-carbons (Cp) are indicated.

Scheme 1. Synthesis Schemes. (A) Synthesis of Biradicals 1°°—6°*, and (B) Synthesis of Linker Molecules 11 and 12
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long spin-coherence time T,.>**” These properties make it obtained experimentally from cw-EPR or Double Quantum
possible to experimentally determine larger J-values via Coherence (DQC)*' measurements. In addition, advances in
temperature-dependent intensity measurements of the half- the functionalization of trityl radicals enable carbon—carbon
field signal,”® intermediate J-values via simulation of the cross-coupling reactions”” and thus, the synthesis of -
hyperfine structure of the '*C satellite lines,”” and low J-values conjugated systems like trityl-bridge-trityl and trityl-bridge-
via PDS measurements.’® Electron spin—spin distances can be chromophore systems.”””* For example, Fleck et al. synthe-
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sized an exchange-coupled and conjugated trityl biradical
(Figure 1B), showing the potential for studying J in such
systems.”” In that context, Lloveras et al. investigated the
charge transfer dynamics in a series of oligo(phenylene-
vinylene) linked perchlorotriphenylmethyl (PTM) diradicals
(Figure 1B) and observed for the charge transfer rates kyr a 8
of 0.14 A, indicating that this is a conducting bridge.34
However, there is no systematic study on J(r) in any trityl
system. We therefore synthesized the six oligo(p-phenylene)-
bridged bistrityls 1°*—6°* shown in Figure 2. In 1°*—3°°, the
bridging phenylene units are successively increased from one
to three. In molecules 4°*—6°° the bridge length is increased
from one to five phenylene units, but the bridge is substituted
with bulky groups to aid solubility, and to study the influence
of the substituents on J(r). We then determine their interspin
distances and J-values, and from these data 3 for J(r). We also
compare the experimental values with those derived from DFT
calculations. In this way, we aim to lay the foundation for the
rational design of trityl-based molecular magnets, DNP
polarizers, and their use in QIT.

B RESULTS AND DISCUSSION

Synthesis

We synthesized bis(trityl)s 1°*—6°** according to Scheme 1
(SL, chapter 1, 2). The monoiodinated trityl alcohol 7 was
synthesized according to the protocol of Chen et al. to avoid
statistical steps.”” Linker molecules 8, 9, 10, and 13 with two
diboronic acid pinacol esters in the 4,4'-positions were
commercially available. In contrast, the quarterphenyl and
quinquephenyl analogues were insoluble and had to be
substituted by side chains to aid solubility. Based on
literature-known protocols for similar compounds,g’6 the
quarterphenyl and quinquephenyl linker molecules 11 and
12 were synthesized according to Scheme 1B. Here, compound
20, for linker 11, and compound 24, for linker 12, were
coupled with the trimethylsilyl-substituted phenyl boronic
ester 21 in a Suzuki-Miyaura cross-coupling reaction using
Pd,dba; (dba = dibenzylideneacetone) and SPhos (2-
dicyclohexylphosphino-2/,6’-dimethoxybiphenyl) as the cata-
lyst system. Subsequently, compounds 22 and 25 were
iodinated using iodine monochloride, and the obtained
aromatic diiodides were converted to the respective diboronic
acid bispinacol esters 11 and 12 using standard Miyaura
borylation conditions. Fleck et al. described the synthesis of a
biphenyl-bridged bistrityl,”* but the trityl was substituted with
additional phenyl groups. In that paper, PdCL,(dppf) (dppf =
1,1'-Bis(diphenylphosphino)ferrocene) and cesium carbonate
in a mixture of tetrahydrofuran and water were used for the
cross-coupling. While this also worked here for the biphenyl-
bridged bistritylalcohol 15, it failed for the other compounds.
Instead, Pd,dba; and triphenylphosphine in toluene, in
combination with a 2 M solution of aqueous potassium
carbonate and tetrabutylammonium fluoride as phase transfer
catalyst, were needed to successfully cross-couple tritylalcohol
7 to all six linker molecules 8— 3. The yields for the resulting
six bistritylalcohols 14—19 ranged from 27 to 90%.
Bistritylalcohols 14—19 were then converted to the respective
biradicals by dehydroxylation with trifluoromethanesulfonic
acid as a strong Bronsted acid, and subsequent reduction of the
formed trityl cation with tin(II)-chloride.”” All six biradicals
were stable under aerobic conditions, characterized by MALDI
and high-resolution mass, and their purity confirmed by MPLC

and NMR characterization of the bistritylalcohols (purity
>95%) (SI, chapter 3).

Exchange Coupling, CW EPR, Solution State

First, we aimed to extract ] by simulation of the '*C hyperfine
structure of the biradicals in the solution state. The recorded
cw X-Band (9.5 GHz) EPR spectra for 1°*—6°* are shown in
Figure 3 (and SI, chapter 4.1) and were simulated with

3504 3510 3516 3522 3528
Magnetic Field / G

Figure 3. Zoom-in to the '*C-lines of the cw X-Band EPR spectra of
1°* — 6" (T = 295 K, SO pm in toluene-d8). The experimental
spectra are shown in black, the simulations in red. The letters indicate
the carbon atom giving rise to the doublet when ] is 0 (5°*) and when
] is very large (3°°).

EasySpin,” including the spin exchange Hamiltonian H,,.
These spectra are defined by an intense central line, originating
from those trityls containing only ?C-carbon atoms, and a set
of low-intensity doublets, originating from those trityls that
contain one C atom. Using the same set of hyperfine
coupling constants and one g-value, all spectra could be
simulated by varying J (values are given according to the —2J
formalism; see also SI, chapter 4.1). For each spectrum, the
same line width was used for all isotopomers. The obtained
hyperfine coupling constants are that of one of the sites central
(C.), ipso (Cy), ortho (C,), para (C,), or meta (C,,) (Figure 2).
The obtained hyperfine coupling constants A('*C.) = 65.1
MHz, A(*C) = 312 MHz, A(C,) = 249 MHz are in
agreement with previous results,”””’ while A(C,) and
A(™C,,) could not be determined because they are hidden
under the line width of the central line. The EPR spectrum of
biradical 5°° can be simulated with ] = 0 MHz, whereas 4°*
gives rise to additional line splitting, which is very sensitive to
the magnitude of J, allowing for the determination of IJI to
17.0(1) MHz (Table 1). Since no splitting is observed for 5°*°,
] must be smaller than the line width, which gives an upper
limit of 0.8 MHz for J. The differences in the line width of the
different *C-sattelite lines for 5°* is due to its slow rotational
correlation time, which does not average out all hyperfine
anisotropy (SI, figure S55B).”° In both cases, the sign of |
could not be determined, but the p-phenylene topology should
render them as being antiferromagnetic. Biradicals 1°°, 2°¢, 3°°,
and 6°* are all in the strong coupling limit, giving rise to half
the "*C-hyperfine splittings. In these cases, only a lower limit
for IJl > 500 MHz can be given with this method.*> All
simulation parameters are given in the SI (chapter 4.1).
Interestingly, the line widths were especially broad for 1°¢, 2°¢,
and 6°°. Recording temperature-dependent cw X-band EPR
spectra revealed residual dipolar coupling as the reason for the

https://doi.org/10.1021/jacs.6c03022
J. Am. Chem. Soc. 2026, 148, 20018—20028


https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03022/suppl_file/ja6c03022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03022/suppl_file/ja6c03022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03022/suppl_file/ja6c03022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03022/suppl_file/ja6c03022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03022/suppl_file/ja6c03022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03022/suppl_file/ja6c03022_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03022?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03022?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03022?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03022?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c03022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Table 1. Experimental and Theoretical Parameters for the Distance and Electron Spin—Spin Coupling in 1°°—6°*¢

comp. g-value” D [MHz] o [A]
1 2.0031 47.8(1) 11.8(0)
2°° 2.0031 17.3(1) 16.5(1)
3% 2.0031 7.6(1) 21.7(3)
4 2.0031 0
5 2.0031 0
6 2.0031 34.7(1) 13.1(0)

pac [A] re-c [A] rspinfspind (A] Jep” [GHZ]
14.4 13.2 —235(17)
17.1 18.7 18.3 —-131(37)
21.6 23.0 22.9 —94(12)
26.6 27.2 26.9 10.0170(1)!
30.1 315 314 <10.0008l
12.9 14.4 13.4 —-82(9)

“g-value, and zero-field splitting parameter D are the simulation parameters obtained from the cw X-Band spectra at 100 K. r,,, was calculated using
eq 3, and rpq is the most probable distance from the DQC derived distance distribution. rc_c is the theoretical dlstance of the central carbons C,,

and rspm spm

is the theoretical inter-spin distance. ]y, is the experimental exchange coupling constant (—2J formalism). The error of the g-values is
+ 0.0001. “The values in round brackets are the errors in the last digits.

“Values obtained from the DFT calculations.

broadening, which could be reproduced by using the dipolar
coupling for the respective biradical (see below) and varying
the rotational correlation time with the temperature (SI,

chapter 4.3).
Exchange Coupling, cw EPR, Half-Field Signal
For biradicals 1°°, 2°°, 3*°, and 6°°, | could be determined

based on temperature-dependent signal intensity measure-
ments of the respective half-field signals at g = 4 (Figure 4, and

A

1660 1665 1670 1675 1680 1685 1690 1695
Magnetic Field / G

111 * ¢
w 101
2
© 94
=
— 8-
® 10 15 20 25 30 35 40 45 50
7 T/K
10 15 20 25 30 35 40 45 50
TIK

Figure 4. Determination of J using the half-field signal on the example
of biradical 6°°. (A) CW X-band EPR spectrum at half-field (T = 7
K). (B) Temperature dependence of the double integral of the half-
field signal and the fit.

SI, chapter 4.4). We chose this method because the half-field
signal is not superimposed with monoradical contributions that
might be present in the main-field signal at g = 2 or in SQUID
measurements. The determination of J via the half-field signal
gives the sum of | over the ensemble, similar to SQUID, while
the simulation of the solution state spectra gives a time-
average. In both cases, the obtained J-values are related to the
most probable structure and are thus well represented by the
structures obtained by DFT (results below), which gives the
energetic minimum. In contrast to SQUID measurements,
which are commonly performed on powders, and where
intermolecular contributions to J have to be accounted for, this

is not needed in the approach here, because ] has been
measured in toluene solution and at concentrations where
stacking of these molecules is not expected.”” For the half-field
signal, the dipolar splitting is not observed because the
correspondmg transition is between m; = + 1, which is not
split by D.* Since this leads to a narrower line, the *C-satellite
lines are resolved again. Multiplying the magnitude of the
double integral of the half-field signal Ij,; by the temperature T
and plotting the resulting values against T, enables one to
extract | by fitting the data to eq 2, where k is Boltzmann’s
constant, T is the temperature, and C is a spectrometer-specific
constant.”'

1
3+ kT) )

All data points in these plots were measured in duplicates.
The obtained J-values (Table 1) are all antiferromagnetic as
expected for a p-phenylene topology. Including the liquid
solution cw spectra the J-values cover a range from strong
coupling with 235 GHz for 1°*° to weak coupling with just a
few MHz for 4°°. Interestingly, p-xylene-bridged 6°° shows a
significantly smaller J than p-phenylene-bridged 1°°, although
the distances are the same between the central carbon atoms of
the trityls. The reason for this is the larger dihedral angle
between the trityl and bridge unit (DFT results below).
Compared to 1°° and 2°*°, where the distance was increased by
one phenylene unit, the increase in the dihedral angle by going
from 1°° to 6°° leads to a significantly larger decrease in J than
changing the distance.

Interspin Distance, CW EPR

I,T = C(

To determine the distance dependence of J, the distances
between the radical sites must also be determined. Therefore,
frozen state cw EPR spectra at X-band (9.5 GHz) were
recorded for 1°*—6°** (Figure S, and SI, chapter 4.2). For 1°*,
2°%, 3°%, and 6°°, these spectra are dominated by the zero-field
splitting constant D, giving rise to a Pake pattern (SI, chapter
4.2). Based on the observation of strong exchange interaction
for 1°%, 2°°, 3°°, and 6°* in the solution state, these spectra
were simulated assuming triplet systems (S = 1), a zero-field
splitting constant D, and an isotropic g-value (SI, chapters 4.2).
Additionally, a single line was included in the simulation of the
X-band spectra to account for the double quantum transition.
The assignment of this line to a double quantum transition is
supported by its absence at higher frequencies, i.e., Q_band
because it becomes more forbidden (SI, chapter S. 1).*> The cw
X -band spectra were fitted for each compound using the
simulation parameters summarized in Table 1. From D, the
interspin distance r was calculated according to eq 3:*
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Figure 5. CW X-band EPR spectra of 1°°—6°° in the frozen state at
100 K (50 pm in toluene-d8). The experimental spectra are shown in
black, overlaid with the simulation in red.

2 4zh (3)

Where each parameter has the usual meaning.
Interspin Distance, DQC

For 4°° and 5°° the distance could not be extracted via cw EPR
measurements. Therefore, DQC experiments were employed
(SI, chapter 5.3).*" For the DQC experiments, relaxation data
were collected, first (SI, chapter 5.2), and yielded coherence
times T,, of about S ys and longitudinal relaxation times T, of
about 1.4 ms, respectively, which is common for trityl radicals
at 80 K.*** Only for 1°°, the inversion recovery data needed
to be fitted with a biexponential function, and yielded T values
of 0.11 and 0.38 ms, which are significantly smaller than for the
other bistrityls. Interestingly, it was also possible to detect an
echo for 3°°—5°° at 298 K in liquid toluene-d8, yielding T,
and T values of about 1.2 and S s, respectively. The DQC-
derived distance distributions for 2°*—6°°, are shown in Figure
6 (for original data see SI chapter 5.3); the most probable
distances are collected in Table 1.

1.4+ 6

1.2 P 3ee 4 gee
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Figure 6. DQC-derived distance distributions for 2°°—6°°.

Norm. counts

For 1°°, the electron spin—spin coupling was too large to
resolve any oscillation, and for 2°%, 3°%, 4°°, and 6°°, the
obtained distances had to be corrected by a factor of Y15 to
account for the strong coupling limit. ** The widths of the
distance distributions 1ncrease w1th increasing length of the
bridge as observed previously.*’ For biradical 5°°, a shoulder
appears in the distance distribution at shorter distances, which
has been observed for a trityl biradical of similar length
before,>® and was attributed to the occurrence of dipolar

coupling in both the weak and the strong coupling limit (SI
chapter 5.3). This effect is not resolved for the other biradicals,
because their large spin—spin coupling causes them to always
be in the strong coupling limit. Overall, the DQC-derived
distances agree with those from cw EPR and follow the 1/r’-
dependence.

DFT Calculations

While the two EPR-based methods yield spin—spin distances,
DFT calculations were used to obtain the geometric distance
rc_c between the central carbon atoms of the trityls. In
addition, the DFT calculations yielded the dihedral angle ¢
between the aryl groups, the spin density distributions, and the
theoretical exchange coupling constant Jppr (SI, chapter 7.1).
The DFT-derived structures correspond to the molecules in
their energetic minimum, which can be assumed to represent
the most probable structures in the experimental conforma-
tional distribution, i.e., the most probable distance in the DQC
distance distribution or the most probable angle ¢. The
structures were optlmlzed at the r’'SCAN-3c/def2-mTZVPP
level of theory, yielding the r_c values collected in Table 1,
which are slightly longer than the experimental values. Taking
the calculated asymmetric spin density distribution (Figure
S90) into account (eq 4), this difference can be reduced
(Fspin—spin in Table 1 and Figure $90).

Sy L

4nh a=1 b=i+1 ab (4)
Here, p, and p, are the spin densities on an atom of the
respective trityl sites a and b, and r,, is the distance between
them. The other parameters have the usual meaning. Larger
deviations between ry,;,_y,i, and the experimental distance are
seen for 1°°, which also has the largest J. We therefore assume
that for 1°° the point-dipole approximation fails.

Moreover, comparing the structures of biradicals 1°* and
6°°, essentially the same distance and spin density distribution
is observed. Yet, the experimentally obtalned ] values are very
different. As has been shown previously,” ] in phenylene-
bridged systems decreases with increasing dihedral angle ¢
between the spin-center and the bridge, and indeed, ¢, i.e., the
dihedral angle between the aromatic bisdithioketal and the
bridge phenyl (see Figures 7 and S91), increases from 63.1° for
1°* to 80.2° for 6°°, due to the steric demand of the two
methyl substituents. Therefore, we also evaluated ¢, for the
other bistrityls and found that ¢, is 64(1)° for 1°*—3°** and
80(1)° for 4*°*—6°* (SI, Table S10). Although ¢, does not
influence the conjugation in the bridge, it does change the
coupling of the bridge to the spin center and thus the
magnitude of J.* The fB-value can only be reasonably evaluated
if this angle does not change between systems of different
length. The dihedral angle ¢, does therefore separate the six
bistrityls into two sets, ie., 1°°—3°* and 4°*—6°°. In the
bridges, the dihedral angle ¢ between two unsubstituted
phenyls is 38(1)° and increases to 55(5)°, upon substitution.
We thus differentiate two types of bridges, i.e., weak twisting
and strong conjugation for 1°°—3°%, and strong twisting and
weak conjugation for 4°*—6°°. For the sake of completeness,
the dihedral angles between the central radical carbon and the
aromatic bisdithioketal ¢ is 45(2)° within all investigated
biradicals (SI, Table S9).

The J-values for 1°°—6°° were calculated based on the
broken symmetry approach (eq 5):***
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Figure 7. Simplified structure of oligo(p-phenylene)-bridged trityl biradical and assignment of dihedral angles ¢, and ¢

Table 2. Experimental and Calculated J-Values (Given in GHz and Using the —2J Formalism) Using the Given Functionals
(FUNC) on FUNC/def2-TZVPP//r?SCAN-3¢/def2-mTZVPP Level of Theory for 1°°— 6°°

FUNC

comp. MO6L®  TPSS*  r*SCAN-3c* TPSSh-D4°'~>* B3LYP-D4°>*° PBE0-D4°>*°™>7 @B97X-Ddrev’*** @B97X-v>»**¢! exp.
1 23654 31898  —299.79 —22125 -198.76 -169.98 -128.01 —150.20 —235(17)
2 —-31.78 —27.28 —18.29 —39.57 —27.28 —-13.19 —20.09 —25.48 —131(37)
3 -32.08 20.69 +4.20 +18.59 -12.29 -5.10 -20.39 -31.78 —94(12)
4 -30.28 -26.38 +7.49 -18.89 —14.99 +2.40 -11.99 ~17.69 10.0170(1)]
5 —38.67 -9.59 +6.90 -19.49 -14.99 +8.69 —14.69 —14.39 <10.0008!
6 —42.87 -57.26 —41.67 —15.29 -29.68 -3.90 -31.18 -37.17 -82(9)

“The basis set used for the single point evaluation was def2-mTZVPP.

_ E¥-F A
(S — (S (s)

where EP® and E” correspond to the energy of the broken-
symmetry singlet and the triplet in a UKS-DFT calculation,
respectively. (S1*)y and (Sgs®) correspond to the expectation
value of §* for the triplet wave function (usually close to 2) and
the broken symmetry singlet wave function (about unity),
respectively. Using eight different functionals*>*°~®" (Table
2), which cover a broad range from meta-GGAs to Hybrid
functionals with different degrees of Hartree—Fock, the |
values in Table 2 have been calculated. For each calculation, a
sufficiently large def2-mTZVP basis set was used.”> While the B
computed J-value for 1°° is quite close to the experimental one

through all functionals, the values noticeably differ from the

experimental ones for 2°°—6°°. For these latter cases most -50
functionals, especially the range-separated methods, i.e.,
®wB97X, predict the antiferromagnetic coupling, but the

J

In(|lJ / GHz|)

N
differences in ] are also for them too small to reproduce &
precisely the trend in J, e.g, for 4°* and 5°° or 2°® and 3°*. Tg-150+
Thus, the calculation of 3 at the given magnitude of coupling =
needs an accuracy that is evidently not given by these UKS- -200
DFT methods as reported before.”” Furthermore, neglected
averaging over the torsional degrees of freedom in the larger, -2504

more flexible systems as well as effects of explicit solvent
molecules may contribute to the observed deviations.

0,00 0,01 0,02 0,03 0,04

Ticos’(

Distance Dependence of J

The degree of spin-conductivity was evaluated by plotting the
experimental ] values against the geometric distance rc_c and

Figure 8. Plot of the experimentally determined Js for 1°*—6°° against
(A) r..and (B) H{‘cosztpi. The black bars are the standard deviations,

fitting the data points to eq 1 (Figure 8). We chose the
geometric distance rc_c, obtained from DFT calculations,
because the experimental distances contain the spin density
delocalization, which is, however, part of the mechanism for J.
Although the difference to the experimental distance rgpy is
minor (SI, Figure $88). We fitted unsubstituted biradicals 1°*—
3°°® separately from the substituted biradicals 4°*—6°* because
the bridge substituents increase the dihedral angles ¢, and
therefore reduce | in addition to the increased distance, as

the solid lines the linear fits for unsubstituted bistrityls 1°*—3** (red)
and substituted bistrityls 4°*—6°* (blue).

shown exemplarily for 1°° and 6°°. In this way, the fit yields for
1°°—3°* a = 0.11(2) A7, which places the weakly twisted
oligo(p-phenylene)-bridge into the conductor regime, while
the fit for 4°°—6°° yields a decay constant of # = 0.67(1) A/,
revealing a considerable decrease in conductivity caused by the
reduced conjugation within the bridge. Both fits intersect each
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Figure 9. Structures, dihedral angles, and J-values of phenyl-bridged trityl-type biradicals from the literature.
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other at an r._ of 12.7 A, close to the ., of 10 A for the case
where the bridge is absent (n = 0), i.e,, where both trityls are
directly connected. Although the “conjugation degree” is a
fuzzy concept and difficult to quantify, the value of cos’ has
been used in the literature to access this.”’ For the case at
hand, we account for the increasing number of dihedral angels
@, when increasing the bridge length, by forming the product
[17cos’; for each of the six compounds using the ¢, from the
DFT calculations (SI, Table S11). Plotting the J for all six
compounds against the respective products, yields Figure 8b.
Also in this plot, one sees nicely the two different correlation
regimes: Compounds 1°°—3°* show a high conjugation degree
and slow decay, while 4°°*—6°* have a low conjugation degree
and steep decay. Thus, the two different #-values can be related
to the largely different degrees of conjugation. Using the Js of
1°°—6"* in a single fit leads to a 8 of 0.71(17) A™" (in the J
versus r plot), but the resulting fit is outside the experimental
error of the individual Js and describes the data poorly (SI,
Figure S89), the same holds for the J versus []/cos’p; plot (SI,
Figure $93). The DFT-derived J-values show no distance
dependence within the same basis set, which is not surprising
since the energies of the individual J-values are too small to
have physical meaning (Table 2). Thus, it is important to have
experimental access to | over a set of systems.

B COMPARISON

We showed that § is 0.11 A™" for the unsubstituted oligo(p-
phenylene)-bridge, placing this bridge into the conductor
regime. Noteworthy, this is a property of the bridge and should
therefore be independent of the radical type used. Still, this f-
value is considerably smaller than those reported in the
literature (between 0.35 and 0.51 A™!)."”""~*! However, these
literature f-values relied on comgutational studies, where, as
was shown here and by others,”” the magnitude of J is too
small to produce reliable results. Pardo et al. did measure ] for
a phenyl- and biphenyl-bridged dinuclear copper complex, but
they based the decay constant of 0.35 A™' on their DFT
results, which included Js of systems that cannot be reliably
calculated via DFT.** Similarly, Nishizawa et al. included
biradicals in their theoretical prediction, which gave a ] well
below the computational threshold.”’ Higashiguchi et al. did
present an experimental study on three systems, giving a f of

20025

0.51 A™!, but they broke the conjugation by the introduction of
bicyclo[2.2.2]octane and effectively altered the bridge.'” Kirk
et al. included a directly coupled biradical in their study and
additionally showed that the dihedral angles between the
respective radical and the first bridge unit (here referred to as
¢,) changed depending on the bridge length, which further
changed the conjugation. The 8 of 0.39 A~ they obtained is
thus convoluted with the dihedral dependence of the
conjugation into the aromatic bridge. Interestingly, Lloveras
et al. found a S of 0.17 A™' for kyr through a oligo(p-
phenylene-vinylene)-bridge (OPV) that is similar in con-
jugation to the unsubstituted oligo(p-phenylene)-bridge
studied here.”* Another type of strongly conjugating bridges
are oligo(alkyne)-bridges, and indeed a study using oligo-
(alkyne)-bridged Cu'-porphyrins gave # = 0.18 A=

However, we also show that substitution of the oligo(p-
phenylene)-bridge with bulky groups increases the dihedral
angle @ in the bridge, which reduces the conjugation and
increases f3 to 0.67 A™". This value places substituted oligo(p-
phenylene)-bridges closer to insulating bridges. In the case of
the OPVs of Lloveras et al,”* the trans-vinylenes reduce the
steric clashes of the substituents and thereby reduce ¢ and
increase the conjugation.

Comparing the magnitude of ] found for the bistrityls here
with the values of bistrityls reported in the literature (Figure 9)
reveals that the chlorinated trityl groups give rise to larger
magnitudes of ] and that J can be tuned by the substituents at
the trityl group and the bridge, opening a wide field for
designing molecules with J-values ranging from a few MHz to
THz. Already biradicals 1°°—6°® have J-values across the
magnitude regimes weak-, intermediate-, and strong-coupling.

B CONCLUSION

We synthesized six trityl—(p-phenylene),—trityl biradicals with
n ranging from one to five and determined their J-values by
EPR. We correlated the J-values with the geometrical center-
to-center distance r-_c from DFT calculations and obtained a
B of 0.11 A™! for unsubstituted and 0.67 A™" for substituted
oligo(p-phenylenes). The different f values could be related to
largely different degrees of conjugation. Furthermore, 1°*—6°*
cover a large range of J from weak/no coupling to strong
coupling, covering a large range of possible applications.
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Concilio et al. proposed a new DNP mechanism based on a
strong exchange interaction in biradical systems. Here, a ] in
the range of the electron Zeeman interactions, i.e., between
~200—700 GHz for measurements at fields of 7—23.5 T,
should lead to strong enhancements of NMR signals in fluid
solution, and 1°°2°°, or 6°° could be used for this.”” For
biradicals with intermediate/weak exchange coupling, i.e.,
biradicals 3°* and 4°°, there is a rising interest in the field of
quantum information science.” Thus, an oligo(p-phenylene)-
bridge with n = 3 or 4 and the long coherence times for the
trityls hold great promise for the design of arrays of effective
molecular quantum bits.
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