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ABSTRACT We present theoretical results on molecular structures for realistic spin-pump ‘72

applications. Taking advantage of the electron spin resonance concept, we find that interesting
candidates constitute triplet biradicals with two strongly spatially and energetically separated singly
occupied molecular orbitals (SOMOs). Building on earlier reported stable biradicals, particularly
bis(nitronyl nitroxide) based biradicals, we employ density functional theory to design a selection of
potential molecular spin-pumps which should be persistent at ambient conditions. We estimate that
our proposed molecular structures will operate as spin-pumps using harmonic magnetic fields in the

..

MHz regime and optical fields in the infrared to visible light regime.
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uestions of spin-charge separation
and control of spin in quantum
devices are under general focus
and activity within the physical, chemical,
and engineering sciences. Since the con-
ceptual introduction of spintronics and
magnetoelectronics,'? a critical issue to be
resolved is the generation of pure spin
currents, for which magnetic metallic layered
set-ups have been proposed.® Experimen-
tally, the generation of spin current has
been observed in layered spin-pump
devices* and also in quantum dots> In
parallel with that of the solid state branch,
there is great activity in the fields of organic®
and molecular spintronics’ and approach-
ing the single molecular limit for inorganic
single molecule magnets,® as well as propo-
sals for molecular logic gates.’
Traditionally, spin flux is considered to be
controlled by a magnetic field while recent
studies indicate additional control of spin
using electric potential and optical excita-
tions. Theoretical studies of an electron spin
resonance (ESR) setup for molecular sys-
tems demonstrate the possibility of the con-
struction of a molecular spin-pump which
leads each electronic spin projection (. t, 8 1)
in different spatial directions, while the net
charge current is negligible.'®
Herein, we propose organic molecular
systems that would be suitable for experi-
mental realization of the spin-pump device."’
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As will be briefly discussed below, interest-
ing molecules are biradicals, which in their
electronic ground state assume a triplet
multiplicity configuration and which have
two singly occupied molecular orbitals
(SOMO:s) that are strongly spatially and en-
ergetically separated. These requirements
can be fulfilled by the linkage of two radical
units (RUs) via a bridging unit (BU) which
could be saturated or s-conjugated, where
the sz-conjugated BU must be connected so
that it functions as a ferromagnetic coupling
unit giving the high-spin triplet biradical as
the ground state.'” Several stable radical
and biradical building blocks are known,
and the mounting of radical species onto
surfaces has also been considered.''* Po-
tential templates which agree with the the-
oretical model and the stability require-
ments are the bis(nitronyl nitroxide) based
biradicals developed by Matsuda and co-
workers."”> These contain linking groups
that can be tuned by derivatization and also
an insulating saturated BU in the middle.
The stable triplet carbene molecules of the  *Address correspondence to
Tomioka group'® ensured by a cumulated  henrik.ottosson@kemi.uu.se,
. . . jonas.fransson@physics.uu.se.
allenic system are interesing; however, they
do not show the same long-term persis-  Received for review August 23, 2012
tency. To ensure the triplet biradical ground  and accepted January 15, 2013.
state, two nitronyl nitroxide radicals can be | .
) Published online January 25, 2013
coupled through a meta-substituted ben-  19.1021/nn3038622
zene ring, which leads to a persistent triplet
biradical as shown by Takui."” Finally, the  ©2013 American Chemical Society
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Figure 1. Schematicillustration of the spin-pump. (a) Two uncoupled orbitals which are connected to external electrodes and
Zeeman split by the constant external magnetic field B,. (b) A harmonic external magnetic field B,(t) provides a coupling
between the spin projections of each orbital and a spin bias in the external electrodes. (c) An irradiation field generates a finite

coupling between the molecular orbitals.

recent aza-m-xylyene based triplet biradicals of Rajca
and co-workers'® are also interesting.

On the basis of these previous fundamental studies
we designed candidates for realistic molecular spin-
pumps and studied these by computational means.
The envisioned single molecular spin-pump devices
could potentially be generated using the mechanically
controlled break-junction technique, by which charge
transport through single molecules is regularly studied.'
Such a setup requires additional anchor groups and
our molecules therefore have thiol end groups. Thus,
the goal of the present study has been to test the
theoretical foundations for single molecule spin-
pumps on molecular structures which potentially could
be the ones that will be examined experimentally.

RESULTS AND DISCUSSION

First, we briefly introduce the theoretical model that
provides the foundation for finding suitable molecular
structures. The second part of the study is devoted to the
design of suitable molecular candidates, and also to the
identification of problematic features that an efficient
single molecular spin-pump (SMSP) should not display.

Theory and Modeling. Initially, the SMSP should con-
stitute two spin-degenerate orbitals, at the energies ¢; i =
1, 2, which are separated both in space and energy, so that
there is only a negligible overlap between them (see
Figure 1a). Each end of the SMSP is connected to an elec-
trode, and we describe the coupling using the Hamiltonian

7/7' = z VP1CLUd1g + Z vq2C;0d2g +H.c
poel qoeR
where dl;,, k= p,q, creates an electron in the electrode y =
L,R.'*® The operator dj, destroys an electron of spin o=1,
in orbital j in the SMSP, whereas vy is the tunneling rate.
Application of a static magnetic field B, = Byz provides a
Zeeman split of the orbital energies, that is, & — ¢, = & —
0%,gusBo/2 (07 is the z Pauli matrix), and we define the
Larmor frequency wp = |ep — &) = gusBo while the
electrodes are assumed to have a negligible susceptance
to external magnetic fields (see Figure 1a for coordinates).

Next, we apply a harmonic magnetic field

B,(t) = Bi(x cos wgt + Yy sin wgt), which creates
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a coupling between the spin states ¢;, through

¢ = —qgughs Zd};dﬂ et L H.c.
i

The coupling introduced between the spin states in
the molecule along with their tunneling coupling to
the electrodes, generates a spin bias uy — u, = wg in the
electrodes (see Figure 1 b) where u, = u + 05,wg/2 is
the spin-chemical potential in the electrode defined
with respect to the electrochemical potential x.2'?? By
variation of the magnetic field frequency wg, the system
can be tuned into a resonant regime (ESR) in which a non-
negligible spin current flows between the spin-chemical
potentials in the electrode via spin-flip processes in the
molecular orbitals.

As the molecular orbitals ¢, i = 1, 2, are initially
uncoupled, we introduce a controlled entanglement
between them by application of the field'%*°

Ty = 2R(Ve e ™)y dl dys+H.c.

with strength Vg and frequency we. The coupling field
may originate from, for example, light irradiation in the
infrared to visible regime, and will henceforth be
referred to as the irradiation field (see Figure 1c¢).
Following the procedure in ref 20, we transform the
system into the rotating reference frame and employ
the rotating wave approximation. This results in an
effective steady-state problem (see refs 10 and 20 for
details). The result of this transform is that the local
density of electron states (DOS) around orbital i can be
viewed as a series of peaks in addition to the central
peak located near the bare level ¢; (see eq 3 in what
follows and Figure 2a). Because of the induced cou-
pling between the orbitals, electrons can flow between
the left and right electrodes, given that a bias voltage is
applied across the molecular junction. As we herein
focus on the regime where the resonant frequency w,
is much larger than the strength of the transverse
magnetic field; that is, (29/1381/(1)92 < 1, and since
we wish to provide a qualitative picture of the pro-
cesses involved, we find that the spin projected cur-
rents between the left electrode and the molecule can
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Figure 2. (a) Schematic illustration of the local DOS for the orbitals 1,2 in the presence of the harmonic magnetic field and
irradiation field. (b) Charge current (I, bold) and spin current (I, faint) as a function of the electrochemical potential 4, given
weh = 60 THz. (c) Close up of the charge and spin currents in the encircled regime in panel b. (d,e) Contour plots of (d) the
charge current and (e) the spin current as function of the frequency wg and electrochemical potential. For the plots in panels b
and c we have used &; = —390 meV, &, = —305 meV, wgh = 500 MHz,B;=1T,B; =0.01 T, Ve =20 meV, I';=0.5 meV,and V=0 mV.

be approximated by

flolw) —fr (w-‘rnwE
ho = \VE| nr, y 2 - o
i) (0Fnwe — e)? /

|G} ()]’ dw
4

(m

An analogous expression can be derived for the current
Iro for the current between the right electrode and
orbital 2. Here, G}, is the dressed retarded Green
function (GF) for the orbitals 1 in the presence of
the irradiation field applied to the molecule. The
Lorentzian [(w 4+ nwg — &54)% + T3/4]7" appearing in
the expression for the current is a result of the coupling
between the orbitals 1 and 2 and reflects the fact that
the electrons tunneling to (from) the left electrode may
originate from (terminate at) orbital 2. The physical
mechanism behind this is discussed further below. The
parameters I';, i = 1, 2, define the couplings between
the left (right) electrode and orbital 1 (2), whereas
folw) = flo — u,,) denotes the Fermi function for the
spin channel ¢ in electrode y.

The form of the current in eq 1 can be understood
from the following discussion. In the limit (2g/4BB1/a),)2
< 1, the bare GF G for orbital 2 is approximately
given by

1

G(O)/r — 2
2 W) = 2

suggesting that the spin channels can be regarded as inde-
pendent of one another. Similarly, within the given limit the
dressed GF G, for orbital 1 is also approximately inde-
pendent of the opposite spin channel;, however, it is
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influenced by the coupling to orbital 2. We can write the
GF as

Gy ) =

W — &y — |VE Z Gz(, (w+ nwe)+iT4 /2
n==1

(3)

While this expression clearly suggests that there is a main
peak centered near &, it moreover indicates the existence
of additional peaks located near ¢,, + wg. In Figure 2 we
plot the typical local DOS ( — ZG /) for the molec-
ular orbitals, which readily indicatés the side peaks in the
vicinity of the main peak of the adjacent orbital.

The induced electronic structure enables electron
transport between electrodes. However, the system
has to be gated such that the molecular orbitals are
positioned on either side of the Fermi level as is
indicated by panel (b) in Figure 2, where the charge
(bold) and spin (faint) currents are shown as function of
the electrochemical potential 4. The charge current is
defined as the sum of the spin projected currents, /. =
Yollle — Iro)/2, and we have defined current flowing
from the left to the right electrode as positive (in the
regime under consideration, the spin-nonconserving
currents are negligible). Clearly, the charge current
(amplitude) peaks at the positions of the molecular
orbitals. Variations in the spin current, the spin current
is defined by Iy = 3,05,(lL, — Irs)/2, OCcur simulta-
neously with the changes in the charge current under
the condition that the spin projected currents are
nondegenerate (degenerate spin projected currents
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implies a vanishing spin current). The plot in Figure 2b
indicates that the spin current is strong in the present
system nearby the molecular orbitals. It is clear from
the plot that, for instance, the spin current can be
forced to flow in the same or in the opposite direction
as the charge current depending on the gating of the
system. Such a feature may be used for spin-transistor
applications since the sign of the spin current can be
manipulated and controlled by variations in the overall
electrochemical potential, or gate voltage (see Sup-
porting Information).

Special attention is drawn, however, to the char-
acteristics displayed in Figure 2¢, corresponding to the
encircled regime in Figure 2b. Here, the charge current
changes sign (around —440 meV) while simultaneously
the spin projected currents are nonvanishing but with
opposite signs, resulting in a nonvanishing spin cur-
rent. Thus, the spin projected currents flow in opposite
direction between the electrodes, something that
might be used to accumulate spins of different projec-
tion at different ends of the system.

Gating the system to the regime where the charge
current is close to zero, we sweep the frequency of the
irradiation field and calculate the resulting charge and
spin currents, shown in Figure 2 panels d and e,
respectively. Those contour plots clearly illustrate
that the charge current can be made arbitrarily small
by tuning the frequency we of the irradiation field
(bright region in panel d), while the spin current
remains finite. The spin current /5 is roughly constant
in the frequency range where the charge current
vanishes.

Molecular Design. Next, we discuss our results con-
sidering a limited selection of molecular structures that
may enable the realization of our proposed setup.
Three differently substituted nitronyl nitroxide radicals
(1—3) were employed as monoradical units. Two such
monoradicals were linked by a few different types of
bridging and linker units into SMSP candidates 4—9.
Additionally, SMSP candidate 10, related to a recent
stable triplet biradical of Rajca, was also studied com-
putationally. Among these, SMSP candidate 9 is the
most promising one (vide infra). Yet, rather than dis-
cussing merely the most promising SMSP candidates it
should be instructive for the future molecular design of
organic spin-pump molecules to progress the discussion in
a stepwise manner and to present also the pitfalls in the
design process. Our structures 1—10 were examined by
quantum chemical calculations at (U)MO06-2X hybrid meta
density functional theory level® using the 6-311G+(d,p)
valence triple-C basis set**"?° Analogous results from
calculations using the (U)B3LYP hybrid functional®”*® are
given in the Supporting Information.

As we pointed out in the previous sections, the
nitronyl nitroxide radical is stable at ambient con-
ditions,?® and therefore suitable as a RU in our
SMSPs. To tune the energy level of the SOMO
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Figure 3. Orbital energies ¢ (eV) of the monoradicals 1-3 at
UMO06-2X/6-311+-G(d,p) and UB3LYP/6-311+G(d,p) (given
in italics). a-SOMO energies given in red (& = esomo) and
orbital numbers given in parentheses.

(esomo) several substitution patterns were calculated
as shown in Figure 3. In addition to the unsubstituted
case, methyl and fluoro substituents were chosen to
shift esomo Up and down, respectively. For the unsub-
stituted nitronyl nitroxide 1 the esomo is —7.190 eV at
UMO06-2X/6-311+G(d,p) level, while for 2 and 3 esomo is
found at —7.064 and —7.868 eV. Thus, the variation of
£somo between these three substitution patterns of the
nitronyl nitroxide radical amounts to ~0.8 eV. In con-
trast to the SOMOs, the energy levels of the neighbor-
ing MOs are much less affected by the change in
substitution. For the a-spin orbitals, radicals 1 and 2
have energy differences between the SOMO and the
highest doubly occupied MO (HDOMO) of more than
1.2 eV, while for the fluoro substituted 3 this a-spin
orbital separation is less than 0.5 eV. The SOMO is a
s-type orbital localized over the N-oxide moieties while
the HDOMO is represented by the s-type lone-pairs at the
sulfur atoms of the thiol groups which function as anchors
of the single molecule spin-pump to gold electrodes. In the
case of 2, both SOMO and HDOMO are delocalized to a
larger extent and are not spatially separated.

Our SMSP candidates all consist of two RUs, a
bridging unit, and thiol anchor groups (Figure 4). It can
first be noted that five of the seven species are triplet
biradicals in their electronic ground state and the open-
shell singlet biradical state is higher in energy by 14—477
meV (1.3—46.0 kJ/mol) according to calculations at
UMO06-2X/6-311+G(d,p) (see Supporting Information)
with the smallest energy difference found for 7 and the
largest for 10. For two species, 4 and 5, the open-shell
singlet and the triplet states are essentially degenerate
(with UMO06-2X the singlet biradical is 0.3 - 0.5 kJ/mol
below the triplet).
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Figure 4. Structures of the SMSP candidates.

Two approaches are possible to design molecules
with energetically and spatially separated SOMOs.
First, the RUs can be different at the left and the right
side (e.g., 1, 2, or 3). Indeed, a range of different RUs
could potentially be used, and the results reported
here are therefore primarily a proof-of-principle study
of a small selection of SMSP candidates that can be
realizable. The second approach is to introduce addi-
tional linker units (LUs) between each RU and the
central bridging unit, and by which the energy differ-
ence between the SOMOs at the two RUs, Aesomos =
|e1—¢5]|, can be tuned. In this case the radical units do
not necessarily need to be functionally different, and it
is then sufficient to substitute one of the linker units or
to introduce two different LUs. However, the usage of
linker units which are chemically related but with
different electron demands so as to create energeti-
cally separated SOMOs gives much smaller orbital
splittings when compared to substitution directly at a
radical unit. Yet, linking groups give a spatial expansion
of the radical end-units of the spin-pump candidates,
and this may be beneficial. The specific linking groups
used herein are limited to phenyl and ethynyl groups. A
summary of the orbital energies for compounds 4—9 is
provided in Table 1. Two types of BUs were examined;
(i) saturated (insulating) BUs such as different kinds of
bicyclic groups, and (ii) BUs which provide for ferro-
magnetic coupling by inhibiting the combination of
the two radicals to a closed-shell species, and thus,
ensuring a high-spin configuration by spin polariza-
tion.° For example, the m-phenylene BU in combina-
tion with two methylene groups leads to m-xylylene,
that is, a species with a triplet multiplicity ground
state.®' Similarly, the cross-conjugatively attached
ethenyl BU forms a basis for the trimethylenemethane
(TMM) triplet biradical.>? For these latter two species
the triplet state is more stable than the singlet state by

JAHN ET AL.

TABLE 1. Orbital Energies of the Triplet States at
UMO06-2X/6-311+G(d,p) (Energy Units: eV)

compound spin EHpomo Esomo1 Esomo2 Aésomos

4 o —7.674 —7.269 —7.240 0.029
B —7.173 —1.551 —1523

5 o —8.534 —7525 —7.325 0.200
B —7.898 —1.767 —1.638

6 o —8334 —8.002 —7.471 0.531
B —7.659 —2.061 —1.679

7 o —8330 —7.390 —7.305 0.085
B —7.484 —1.544 —1503

8 o —8313 —7.933 —7.388 0.545
B —7.520 —2.005 —1.659

9 o —8.408 —8.082 —7.55 0526
B —8.253 —2.250 —1.8M

10 o —8.173 —8.026 —7.574 0452
B —8.071 —29M —2672

40.2 and 674 klJ/mol (417 and 699 meV), respectively,
when based on negative ion photoelectron spectro-
scopy.*** At the M06-2X/6-311+G(d,p) level the singlet—
triplet energy gaps are calculated to be 46.5 and 95.8 kJ/
mol, respectively. This relationship between the energies
of the lowest singlet and triplet states is in agreement with
the theory of disjoint and nondisjoint biradicals of Borden
and Davidson which predicts that odd alternate hydro-
carbons which are nondisjoint biradicals (e.g, TMM and
meta-xylylene) have triplet multiplicity ground states.3
SMSP candidate 4 is based on earlier reported
bis(nitronyl nitroxide) biradicals which could be
synthesized and handled by standard organic syn-
thesis techniques at ambient and slightly elevated
temperatures.'” This biradical type consists of two
RUs 1 linked by a rod of p-phenylene groups. A bicyclo-
[2.2.2]octyl segment in the midst of the p-phenylene
rod serves as the BU. The only change in molecular
design as compared to the earlier reported compound
of Matsuda'? is the replacement of two methyl groups
at each RU to two methylthio groups to the RUs. The
inequality between the two radical moieties of 4 is
ensured by the different numbers of linking p-phenylene
units (see Figure 4). However, since candidate 4 is best
described as a pair of noninteracting monoradicals,
this compound has a Aesomos of merely 29 meV and an
essential degeneracy of the open-shell singlet and
triplet states (the singlet biradical is below the triplet
by 0.3 kJ/mol with UMO06-2X). Moreover, it has an
undesireable orbital pattern at the UMO06-2X level
because the highest occupied S-spin orbital is higher
in energy than the two localized a-spin SOMOs, and at
UB3LYP level this S-spin orbital is further delocalized
over the biphenyl segment. The shapes of the MOs are
primarily the same, but at this level there are no
interfering 3-spin orbitals. By ensuring that there are
no intruding S-spin orbitals at the UM06-2X level we
find that there are also no such orbitals. SMSP candi-
date 5 is again a combination of two RUs 1 with a

VOL.7 = NO.2 = 1064-1071 = 2013 K@}Nﬁ@i{\j

WWwWW.acsnano.org

1068



open-shell singlet

triplet

Figure 5. Highest occupied and lowest unoccupied molec-
ular and spin orbitals for the singlet and triplet biradical
states of compound 9, calculated using UMO06—2X/
6-311+G(d,p). Dotted lines connect equivalent a. and /3 spin
orbitals. Hydrogen atoms are omitted for clarity. (Energy
units: eV).

saturated bicyclic coupling unit; however, in this case
the BU is based on two bicyclo[1.1.1]pentyl units. This
molecule is an example on how to create an energy
splitting of the two SOMOs by fluoro substitution at
one of the bicyclo[1.1.1]pentyl units. With 200 meV the
Aésomos is larger than that of 4, and the orbital window
contains no intruding S-spin orbitals at the UM06-2X
level, but the open-shell singlet and the triplet states
are still degenerate. We can thus conclude that (i) with
possibilities for spin delocalization away from the
nitronyl nitroxide radical onto z-conjugated segments
there is a risk that S-spin orbitals emerge within the
a-spin orbital window, and (ii) with saturated BUs it is
not possible to clearly achieve a triplet multiplicity
ground state. A BU which allows for ferromagnetic
coupling is required.

The spin-pump candidate 6 consists of the RUs 1
and 3 in combination with two ethynyl LUs which are
cross-conjugatively attached to a 2,2-difluoroethenyl
group, a ferromagnetic BU.3® The relative energies of
the two o-SOMOs of 1 and 3 persist in 6 (see Figure 3),
so that Aesomos amounts to 531 meV. However, mole-
cule 6 shows the effect of an intruding 3-spin orbital in
between the two o-SOMOs. This intruding [-spin
orbital has z-type character and is delocalized over
the ethynyl LUs and the BU (see Supporting Infor-
mation). The introduction of RU 2 instead of 3 leads
to spin-pump candidate 7, for which the Aégsomos
amounts to only 85 meV, but due to the RU 2 the
SOMOT1 of 7 is higher in energy than in 6, and this
avoids the intruding f3-spin orbital.

SMSP candidate 8 resembles 6, with the difference
being the meta-substituted phenyl moiety as a ferro-
magnetic BU. Consequently, with 546 meV the Aesomos
of 8 is nearly the same as in 6, and also 8 has an

JAHN ET AL.

(c)

-8.32eV

Figure 6. Spin-pump candidate 9 in its triplet state inserted
between two small Au5 clusters and the calculated (a) spin
density (isovalue 0.02), (b) the highest alpha spin—orbital
(SOMO2), and (c) next-highest alpha spin—orbital (SOMO1).
Calculations performed at the M06-2X/LANL2DZ level.

intruding f3-spin orbital which is energetically higher
than SOMOT1. Molecule 9 is again a combination of the
RUs 1 and 3, but without any linking units. It also has a
perfluorated m-phenylene as BU, which energetically
pushes down the intruding f-spin orbital observed in
8. With 526 meV the Aesomos Of 9 is, as can be
expected, in the similar range as that for molecules 6
and 8 which contain the same RUs. However, the
intruding f3-spin orbital is now removed (Figure 5).

In our set of SMSP candidates we also included
molecule 10 derived from the aza-m-xylyene based
biradicals of Rajca et al.'® This candidate is related to
molecule 9 as both have the RUs situated in meta-
positions of bridging phenyl groups providing ferro-
magnetic coupling. Compared to the synthesized
compound, 10 is a stripped version in which sterically
congestive (and protective) groups have been omitted
for computational reasons. We have also added thiol
anchor groups, as well as a fluoro substituent at the
saturated carbon adjacent to the nitrogen atom to
ensure a large Aesomos. This substitution pattern leads
to a Aesomos Of 452 meV without any intruding occu-
pied f-spin orbitals. However, the RUs and the small
dimension of 10 lead to two SOMOs that both are
delocalized over nearly the complete molecule, in
disagreement with the requirement of two spatially
separate SOMOs.

Thus, 9 is the most suitable compound to function
as a SMSP among the candidates considered herein.
This candidate is also closely related to a biradical
which is persistent at ambient conditions.'” Still, at-
tachment in between the two Au electrodes may
severly distort the molecular electronic structure from
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what is desirable for the spin-pump application, for
example, through electron donation from the metal to
the molecule. Indeed, recent DFT studies of nitrosyl
nitroxide radicals connected to thiol groups via phenyl
and methyl phenyl groups displayed unexpectedly
large coupling with Au.>” We therefore examined 9
anchored on each side to two Au clusters, and per-
formed computations at the MO06-2X/LANL2DZ
level 333° These computations were complicated by
very high amounts of spin-contamination for clusters
with nine or more Au atoms (also when functionals
without exact exchange, such as MO06-L, were
applied). We analyzed SMSP candidate 9 in its triplet
state coordinated to two clusters with five Au atoms
each, despite a rather spin contaminated Kohn—
Sham solution (52 = 3.46). Yet, one can observe that
the two SOMOs are located at each of the two
separate RUs, and this is also where the spin density
is predominantly located (Figure 6). Moreover, we
do not find any donation of electrons from the metal
clusters to the molecule. Thus, the limited data
obtained from the calculation with the small clusters
indicate that SMSP candidate 9 indeed retains
its neutral triplet state biradical character when
incorporated into a nanoelectrode setup, and it

COMPUTATIONAL METHODS

All DFT calculations were performed with the Gaussian 09
program package.*> All geometries were optimized at the
(UIM06-2X/6-311+G(d,p) hybrid meta DFT level of theory,>~2¢
and at the (U)B3LYP/6-311+-G(d,p) hybrid DFT level.?”*® Open-
shell singlet states were calculated by using the broken-
symmetry formalism. In the case of B3LYP/6-311+G(d,p) some
of the structures converged only to the closed-shell solution.

The computed values for the energy gaps between the triplet
and open-shell singlet states (AEsy) were corrected for spin
contamination by usage of eq 4, where AEy is the energy gap
obtained through the unrestricted solution for the singlet state
and the $%¢ are the computed values of the $2 operator
revealing the degree of spin contamination.

2
S
Afst = AFy5—T1— (4)

T SS

We also calculated the AEst when regarding the closed-shell
singlet state by usage of the restricted solution (see Table 2 in
the Supporting Information).

The effects of an electric field, generated by a gate voltage, on
the orbital energies of compound 9 in its triplet state was
simulated through application of a dipolar homogeneous elec-
tric field. The calculations were performed at the UM06-2X/
6-3114+G(d,p) level using the triplet state geometry optimized
at the same level in the absence of an applied electric field.
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should be an interesting target for synthesis and
further experiments.

CONCLUSIONS

We make theoretical predictions of molecular struc-
tures for realistic single molecule spin-pump applica-
tions. A selection of candidates were examined, and we
find that compounds 7 and 9 meet the requirements of
having triplet multiplicity ground states with spatially
and energetically separated singly occupied molecular
orbitals. These compounds are also beneficial from an
applications point of view as they are closely related to
previously reported triplet biradicals which are stable
at ambient conditions. We estimate that our proposed
structures will operate as spin-pumps for harmonic
magnetic fields in the MHz regime and optical fields
in the infrared to visible light regime. It should be
noticed that not only time-varying magnetic fields may
be employed to generate a spin-flip scattering be-
tween the molecular spin states, but other sources
for spin-flip scattering may be provided by, e.g., circu-
larly polarized light. Such a setup would open possibi-
lities to create larger spin biases in the electrodes and
would, thus, open access to a wider range of spin-
current generations.
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Supporting Information Available: Computational details,
orbital energies of the separate monoradicals, relative electronic
energies of the different states, molecular orbital schemes of
compounds, Cartesian coordinates of the structures at (U)M06-
2X/6-311+G(d,p), and complete reference 40. This material is
available free of charge via the Internet at http://pubs.acs.org.

Note Added after ASAP Publication: After this paper was
published on January 25, 2013 corrections were made for vector
designations. The corrected version was reposted January 29,
2013.
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