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Introduction

Anion-rn interactions have been widely studied due to their
potential applications in anion recognition,' ion transport,’
catalysis® and anion doping.* Recently, organic n-radicals have
also attracted academic interest due to their connection with
polarons/solitons in the electrical and magnetic properties of
doped conjugated polymers.® However, the nature of the inter-
actions between the dopant/counter-ion and doped conjugated
polymers is not well understood. In many cases, the doped
conjugated polymers involve oxidized cationic or reduced
anionic radical species that are chemically unstable towards
air and/or water,® making the study of such interactions chal-
lenging. The recent advances in molecular design has enabled
the syntheses of stable organic n-radicals.” Theoretical calcu-
lations on the influence of anion-n interactions on the mag-
netic spin polarization of the anion have also been reported.®
Here we leverage on a stable bis(triphenylphosphonium)-
naphthalene diimide (BTPP-NDI) cationic radical reported by
Mukhopadhyay’s  group”™ to study the effect of
anion-n-radicals by systematic variation of the anion. We
found that weakly Lewis basic anions are able to induce subtle
red shifts in the solution UV-Vis absorption that is dominated
by an optical transition from the cationic n-radical in the 1+
salts. Very weakly Lewis basic m-anions like NO;™ interact
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We have conducted a systematic study of anion—x and anion—=-radical interactions in bis(triphenylpho-
sphonium)-naphthalene diimide (BTPP-NDI) salts which was made possible with the synthesis of different
anionic analogues. DFT calculations and experimental evidence show anion—r and anion—n-radical inter-
actions and that the cationic n-radical can induce magnetic spin polarization of the anion.

strongly with the NDI = system via n—-n interactions in the 2+
salt and behaves as an electron acceptor in the 1+ salt that can
undergo photoinduced electron transfer (PET) from the radical
cation to NO;™. The radical cation is also able to induce mag-
netic spin polarization of the anions as observed from NMR.
Our results provide evidence for elusive anion-r-radical inter-
actions and thus allow a better understanding of organic ferro-
magnets and p-doped conductors.

Results and discussion

Synthetic procedure

The syntheses of the BTPP-NDI compounds are shown in
Scheme 1. 1-Br was synthesized using reported procedures,”
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Scheme 1 Syntheses of the BTPP-NDI compounds.
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with the solvent replaced by 1,4-dioxane. 1-Br was oxidized
using bromine to give 1-2Br. 1-PF, 1-2PF,, 1-Cl and 1-2Cl were
obtained via anion metathesis. 1-2NO; was obtained via react-
ing 1-Br with silver nitrate, and subsequent reduction using
excess triethylamine yielded 1-NO;. Br,-NDI was reacted with
sodium iodide to give I,-NDI, which can undergo a similar
reaction to give 1-I. Subsequent oxidation of 1-I with I, did not
yield the 2+ diiodide. Attempts to obtain 1-2I using anion
metathesis with sodium iodide and 1-2Br resulted in the for-
mation of 1-I instead. The neutral compound 1 can be isolated
via reduction with hydrazine.

X-ray crystallographic analysis

Single crystal XRD structures of all the compounds except
1-2Cl and 1-NOj; are shown in Fig. 1 and Fig. S1-S8, ESI.f We
were unable to obtain the single crystal XRD structures of
1-2Cl and 1-NO; due to their PET nature (vide infra). The
anion---n distances were found to be 2.91 A for 1-PFs, 3.15 A
for 1-Cl, 3.32 A for 1-Br, 3.76 A for 1-1, 2.81 A for 1-2PF,, 3.19 A
for 1-2Br and 2.83 A for 1-2NO;. All except 1-1 have anion---x
distances shorter than the sum of van der Waals distances
between carbon and their respective anion element (F for
PFs~, N and O for NO;7). In general, the 1+ salts displayed
longer anion---rn distances than their respective 2+ salts due to
their weaker anion-rn interactions, and the anion---x distances
seemed to increase down the group for the halides for both 1+
and 2+ salts. For the multi-nuclear anions, both PFs~ and
NO;~ showed very short anion---n distances, suggesting the
importance of multiple short-contacts for very weakly Lewis
basic anions.

X-ray photoelectron spectroscopy (XPS) analysis

The XPS spectra of the BTPP-NDI salts are shown in Fig. S9,
ESL.f Peak shifts toward higher binding energies were
observed for F 1s (PF¢ ), Cl 2p3/2 (CI7), Br 3d5/2 (Br~) and
N 1s (NO3;7) in 2+ salts as compared to 1+ salts. Higher
binding energy species were observed for 1-Cl, 1-2Cl, 1-Br,
1-2Br and 1-1, as well as 1-2PF,. To the best of our knowledge,

Fig. 1 Single crystal XRD structures of (a) 1, (b) 1-PFs, (c) 1-2PFs,
(d) 1-Cl, (e) 1-Br, (f) 1-2Br, (g) 1-1 and (h) 1-2NOs. Solvent molecules and
alkyl groups are omitted for clarity.
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such an additional peak for the binding energy of F 1s in PFs~
is unheard of. The XPS results corroborate the short contacts
observed in the single crystal XRD structures, and hence
provide strong evidence of anion-rn interactions in the solid
state for the BTPP-NDI salts.

UV-Vis absorption

The solution UV-Vis absorption spectra of the BTPP-NDI salts
in acetonitrile and chloroform are shown in Fig. 2. In polar
aprotic solvents like acetonitrile where anion-n interactions
are diminished, the anions do not show any observable impact
on the Anax for both the 1+ and 2+ salts, except CI™ in 1-2Cl
that shows absorption peaks corresponding to the 1+ salts,
indicating that some form of electron transfer is involved.
Saha and co-workers® have proposed that very Lewis basic
anions like F~ can undergo direct thermal electron transfer to
the NDI while Gabbai et al.'® suggested that F~ deprotonates
the solvent (acidified by NDI) and the deprotonated solvent
acts as the reducing agent for NDI. Regardless of the mecha-
nism of reduction, the HOMO of Cl~ (-5.54 eV)"" is not high
enough to reduce BTPP-NDI** (LUMO = —4.75 eV, determined
via the onset of first reduction in cyclic voltammetry in
Fig. S10, ESI{) and CI™ is not Lewis basic enough (pK, = —6.3)
to deprotonate either acetonitrile (pK, = 25) or chloroform
(pKa = 15.5). Hence, photoinduced electron transfer (PET) is
required to reduce the BTPP-NDI core from 2+ to 1+. PET is
known to occur from Cl™ (but not Br~ and I") to strongly Lewis
n-acidic NDIs due to the stronger Lewis basicity of C17.>"> The
paramagnetic species arising from PET can also be observed
in the broadening of "H NMR signals of 1-2Cl (Fig. S21, ESI{).
We also noted that there is a difference in the UV-Vis absorp-
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Fig. 2 Solution UV-Vis of the BTPP-NDI salts in (a) acetonitrile and (b)
chloroform. Solution UV-Vis of 1-NOg3 in (c) acetonitrile and (d) chloro-
form upon illumination.
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tion of 1-NO; as compared to that of the other 1+ salts from
320 to 430 nm.

In nonpolar solvents where anion-rn-radical interactions are
expected to be stronger, the A, values of the 1+ halide and
nitrate salts were red-shifted from 723 nm in acetonitrile to
about 726 nm in chloroform. In contrast, the ., of 1-PFg was
only red-shifted from 723 nm in acetonitrile to 724 nm in
chloroform. This miniscule shift for halide and nitrate salts as
compared to that of 1-PF¢ is probably due to electronic inter-
actions between the frontier orbitals of the anions and the
SUMO of the radical cation arising from their similar energy
levels (Fig. S44, ESIT) when the cation and anion are in close
proximity, which is also supported by TDDFT calculations
(Fig. S13 and Table S5, ESIf). The difference in the UV-Vis
absorption of 1-NO; as compared to the other 1+ salts from
320 to 430 nm remained observable in chloroform. For the 2+
salts, their absorption profiles in chloroform are largely
different from those in acetonitrile, with the exception of
1-2PF¢ and 1-2NO; due to their electrochemical inactivity
towards the 2+ cation for the latter. For 1-2Cl, the absorption
peaks corresponding to the 1+ salts remain due to PET (vide
supra). For 1-2Br, a charge transfer band at around 520 nm,
arising from the stronger anion-n interaction in chloroform,
was observed.

Based on time-dependent density functional theory
(TDDFT) calculations, the lowest energy D, — D, transition for
the 1+ salts is mainly contributed by SOMOa — LUMO«
(Table S5, ESIt). With the SUMO value estimated to be —4.75
eV from CV measurements and an optical bandgap of 1.65 eV
for the 1+ salts, the LUMO value of the 1+ salts is estimated to
be —3.10 eV. Based on the reduction potential of NO;~ (NO;™ +
2H" + 2¢” — NO,” + 2H,0, E° = +0.42 V;'* Fc/Fc" vs. SHE =
+0.62 V;'* HOMO of Fc = 4.8 eV; LUMO = —4.60 eV) we postu-
late that 1-NO; will undergo “reverse” PET, i.e., * — anion PET
¢f. anion — = “normal” PET reported by Saha and co-workers
(see the energy diagram in Fig. S44, ESIt).° Upon illumination,
the UV-Vis absorption of 1-NO; remained similar in aceto-
nitrile but degraded rapidly in chloroform, giving rise to two
new peaks at ~400 nm corresponding to the 2+ cation and a
new peak at 350 nm corresponding to the 2+ cation and NO,™
(Fig. 2c & d)."® Based on these observations, we reasoned that
the pK, values of the solvents are the likely cause for the dis-
tinct stability of 1-NOj;. As stated in the redox equation, the
reduction of NO;~ requires the presence of H', which is pro-
moted by the much higher acidity of chloroform as compared
to acetonitrile.

Nuclear magnetic resonance (NMR) and electron
paramagnetic resonance (EPR)

To further characterize the BTPP-NDI salts, their halogen NMR
spectra were collected (Fig. S27-S38, ESIt) and their chemical
shifts (5) and linewidths at the half peak height (LW,/,) were
tabulated (Table S3, ESIf). Unfortunately, we were not able to
perform N NMR due to the unavailability of the required
NMR probe. Respective tetrabutylammonium salts (TBA-X)
were used as the control. Restricted motion (*°F) and bounded-
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ness (*°Cl, ®'Br and "*I) often result in a broader ILW;, for their
NMR signals.'"® In polar aprotic solvents like acetonitrile-d;,
the anions in TBA.X salts behave like free ions and hence
sharp halogen NMR signals were observed. The '’F NMR
signals for 1-2PFs showed a very narrow LW,,, (1.5 Hz) and
were essentially the same as the control while 1-PF showed a
slightly broader LW, , (1.9 Hz). For 1-Cl, the LW, of the **Cl
NMR signal was 63 Hz while 1-2Cl did not show any observable
signal. Similarly, the LW, of the *'Br NMR signal for 1-Br was
915 Hz while 1-2Br did not show any observable signal. The
broadening of the **Cl and ®'Br NMR signals in 1-Cl and 1-Br
as compared to their TBA.X salts suggests that CI” and Br~ are
somewhat bound to the BTPP-NDI core. Similarly, the absence
of the **Cl and *'Br NMR signals in 1-2Cl and 1-2Br suggests
that CI” and Br~ are strongly bound, or due to the occurrence
of PET for the former, resulting in the NMR signals being too
broad to be observed. No '*’I NMR signal could be observed
for 1-I due to the large nuclear quadrupole moment (I > 5/2).
Although the LW, ,, of halogen NMR can be used to estimate
the restricted motion/boundedness of the halides, the pres-
ence of paramagnetic radical species further complicates
matters. This is because apart from the omnipresence of dia-
magnetic relaxation, paramagnetic compounds also exhibit
paramagnetic relaxation which involves several contributions
that make estimation difficult."”

Based on the solution UV-Vis absorption, acetonitrile is
able to provide effective electrostatic screening in the 1+ salts
via its high dielectric constant of 37.5. However, it has a very
small magnetic susceptibility of —2.8 x 10™> cm® mol™*; hence
it is unable to provide effective magnetostatic screening. Thus,
deviations from the halogen § of TBA.X are most likely caused
by magnetic spin polarization induced by the n-radical. The A§
with respect to TBA.X are 18.8 Hz for 1-PFs, 114.4 Hz for 1-Cl
and 389.8 Hz for 1-Br. Thus, the degree of the anion-n-radical
interaction for the 1+ salts is 1-Br > 1-Cl > 1-PF¢. In nonpolar
solvents like chloroform-d, the anions should be more strongly
bound and hence we expect broader halogen NMR signals.
The LW,,, of the '°F NMR signal for 1-PF4 (162.5 Hz) is more
than two orders of magnitude larger than the control (1.5 Hz)
as shown in Fig. 3. The LW, of the '°F NMR signal for 1-2PF,
(4.4 Hz) is only about three times larger than the control. It is
thus clear that the very broad LW, ,, for 1-PF in chloroform-d
was caused by stronger magnetic spin polarization arising

a) TBA.PFs b) TBA.PF; [ ‘
- _LP_F__JUL_

1-2PF, ‘
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Fig. 3 °F NMR of the PF¢~ salts in (a) acetonitrile-ds and (b) chloro-
form-d.
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from the stronger anion-rn-radical interaction between PFg~
and the n-radical. Similar '°F NMR signal broadening was pre-
viously reported, but in a selenium-centered radical SbFs~
salt.'® To our knowledge, there is no report on such '°F NMR
signal broadening in solution with n-radicals. The observed
LW, of the **C] NMR signal for 1-Cl was 415 Hz while no *'Br
NMR signal for 1-Br could be observed. Similarly, no *>Cl and
81Br NMR signals could be observed for 1-2Cl and 1-2Br. The
LW,,, trend of the halogen NMR signals is in agreement with
the polarizabilities of the anions and the polarizing power of
the cations.

EPR of the 1+ salts was measured in dry dichloromethane
(Fig. S10, ESIt). The 1+ halides did not show any noticeable
difference while 1-NO; showed a broader signal, indicating
some exchange interaction between the BTPP-NDI radical
cation and NO; . We believe that this difference in the EPR
signal for 1-NO;, together with the difference in its UV-Vis
absorption, is caused by strong anion-n-radical interactions,
as shown by the unexpected short anion---n distance calculated
using DFT (2.93 A, Table S4, ESI, vide infra). The difference in
the EPR signal and UV-Vis absorption for 1-NO; is also sup-
ported by the Lewis basicity of the anions, based on the pK, of
their respective acids: HPFs < HI < HBr < HCI < HNO;.

Electrospray ionization-mass spectrometry (ESI-MS)

The presence of anion-m/anion-n radical interactions in
BTPP-NDI salts was also supported by electrospray ionization
mass spectrometry (ESI-MS) data. Peaks corresponding to m/z
values of 1157.41 [1 + PF¢]" were found for 1-PFs and 1-2PFg;
1047.42 [1 + CI]" for 1-Cl and 1-2Cl; 1091.37 [1 + Br]" for 1-Br
and 1-2Br; and 1074.21 [1 + NO;]" for 1-NO; and 1-2NO;
(Fig. $39-S42, ESI}). However, [1 + I]' could not be observed in
1-I as most of the I” was oxidized to I3~ in the ESI-MS, which
does not have any significant anion-n/anion-r radical inter-
actions with BTPP-NDI, consistent with our previous findings
from the pyridinium-NDI system" (Fig. S43, ESIF).

Density functional theory (DFT) calculations

To provide molecular interpretation for the halogen NMR, we
performed density functional theory (DFT) calculations by
employing  long-range  corrected  hybrid functional
CAMB3LYP"® with Pople-type basis 6-311G+(d,p) for atoms in
the cation and LANL2DZdp>° for atoms in the anion. The opti-
mized structures agree very well (<5% deviation) with the
obtained single crystal structures (refer to Table S4 in the ESIT
for the experimental and calculated bond lengths), with excep-
tions to the larger calculated anion---n distances (>5% devi-
ation) for the 1+ halides. This systematic overestimation of the
anion---n distances for the 1+ halides is likely the consequence
of electron self-interactions, leading to over-stabilization of the
coulombic terms relative to the exchange-correlation terms, a
situation similar to a two-center three-electron system.>’ All
anion---n distances calculated for 1+ salts were larger than
those of the corresponding 2+ salts except for 1-NO; (2.933 A)
which showed a smaller value than that of 1-2NO; (2.964 A),
with the former in an edge-on configuration and the latter in a
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face-on configuration agreeing with the single crystal structure.
We believe that the shortest anion---n distance for 1-NO;
among the 1+ salts is the likely explanation for its different
UV-Vis absorption and EPR as compared to the other 1+ salts.
The edge-on configuration for 1-NOj; is in agreement with the
absorbed nitrate on various metal electrodes during
reduction.”” In 1-2NO;, the interaction between the highly
n-acidic BTPP-NDI core and the n-rich NO;™ in the face-on con-
figuration is very favorable. In 1-NOj, the BTPP-NDI core is
relatively n-rich and hence to minimize electronic repulsion,
the edge-on configuration is favored. The different configur-
ations of NO;~ on the n-acidic BTPP-NDI core support the con-
cepts used in anion-rn catalysis, e.g., stabilization of nitronate
intermediates in enamine chemistry.>*® The 1+ salts show
non-zero spin densities on the anions with Br™ > ClI™ > PFs~ >
I” > NO;~ (Fig. 4a). This is in accordance with the trend of
anion-n-radical interactions based on the Aé in the halogen
NMR (vide supra). Even though PFs is very weakly polarizable,
there is a significant amount of delocalized spin density that
accounts for the severe broadening of the '’F NMR signal for
1-PF¢. The significant amount of the delocalized spin density
on PFg arises from the fact that PFs~ has short anion---n dis-
tances and the strength of the magnetostatic field (from the
n-radical) obeys an inverse-cube law with respect to the dis-
tance. Hence, even the highly polarizable I" showed the least
spin density due to its large anion---x distance.

It is also worth noting that the spin densities on the 1+
radical and the halides/NO;™ are of the same spin type while
being of different spin types for PF,". Even when considering
a C; symmetry point group with an additional anion, ie.
1-X + X7, the trend of the spin density remains the same. The
same spin type in m-phenylene-based bis(aminoxyl) diradical-
anion complexes was believed to enhance the intramolecular
ferromagnetic exchange interaction between the diradicals.®
In the case of our BTPP-NDI system, the same spin type may
facilitate intermolecular ferromagnetic exchange interactions
in single crystals for the halide salts while antiferromagnetic
exchange interactions may be observed in the single crystal for
1-PF¢ due to its different spin types. In the solid state, the
intermolecular antiferro/ferromagnetic exchange interactions
are expected to be stronger due to the stronger anion-n radical
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Fig. 4 (a) Spin density (isovalue = 0.0001 e /au®) and (b) SOMO
(isovalue = 0.01 e /au®) of the geometry optimized 1+ salts in the gas
phase using DFT UCAMB3LYP 6-311G+(d,p) for atoms in the cation and
LANL2DZ with polarization and diffuse functions for atoms in the anion.
Numerical values denote the sum of Mulliken atomic spin densities on
anions.
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interactions as shown in the XPS data (Fig. S101). Magnetic
measurements of the single crystals are currently underway.

The strength of the electrostatic field (arising from the
coulombic attraction between the cation and anion) obeys an
inverse-square law with respect to the distance. This means
that even though the magnetic polarization of I" is weak in 1-1,
the electric polarization is stronger. This is true for all anions
and is reflected in the SOMO in Fig. 4b. The polarizable
halides and NO;~ show significant contribution to the SOMO
while the very weakly polarizable PFs~ shows negligible contri-
bution. Furthermore, the trend of the calculated A, calcu-
lated via TDDFT (Fig. S13 and Table S5, ESI}) is in accordance
with the experimentally observed UV-Vis absorption. This
explains the red-shifted A,.x for 1-Cl, 1-Br, 1-I and 1-NO; as
compared to 1-PFg in chloroform.

Conclusions

In conclusion, we extend the concept of anion-r interactions
to anion-rn-radical interactions. We note that even in solution,
anions are able to induce changes in the photophysical and
magnetic properties of the cationic n-radical. Apart from the
“normal” PET from the anion to the Lewis m-acidic 2+ cation
for 1-2Cl, we were able to observe a “reverse” PET from the
radical cation to the anion for 1-NO;. The radical cation is also
able to induce magnetic spin polarization of the anions in
NMR. These effects should be much stronger in the solid state
without the electrostatic screening from the solvent molecules.
We believe that our results will provide better understanding
of organic ferromagnets and p-doped conductors.
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