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Abstract: A Valence Bond Configuration Interaction (VBCI) model is used to relate the intraligand magnetic
exchange interaction (J) to the electronic coupling matrix element (Hag) in Tpc“m™MeZn(SQNN), a compound
that possesses a Donor—Acceptor (D—A) SemiQuinone-NitronylNitroxide (SQNN) biradical ligand. Within
this framework, an SQ — NN charge transfer state mixes with the ground state and stabilizes the spin
triplet (S = 1). This charge-transfer transition is observed spectroscopically and probed using resonance
Raman spectroscopy. In addition, the temperature-dependent electronic absorption spectrum of the Ni(ll)
complex, Tpcu™MeNi(SQNN), has been studied. Exchange coupling between the S = 1 Ni(ll) ion and S =
1 SQNN provides a mechanism for observing the formally spin-forbidden, ligand-based 3GC — CTC
transition. This provides a means of determining U, the mean GC — CTC energy, and a one-center exchange
integral, Ko. The experimental determination of J, U, and K, permits facile calculation of Hag, and we show
that this methodology can be extended to determine the electronic coupling matrix element in related SQ—
Bridge—NN molecules. As magnetic susceptibility measurements are easily acquired in the solid state,
Hag may be effectively determined for single molecules in a known geometry, provided a crystal structure
exists for the biradical complex. Thus, SQ—Bridge—NN molecules possess considerable potential for probing
both geometric and electronic structure contributions to the magnitude of the electronic coupling matrix
element associated with a given bridge fragment.

Introduction system initially results in an D*B—A excited state that can
undergo electron transfer to form 8 BB—A~ charge-separated
undertaken that evaluate the contribution of a molecular bridge state. T'hese D._B_A charge-separated states are typlcally
. o . formed in solution and probed by temporal spectroscopies such
(B) fragment in facilitating photoinduced electron transfer (PET) . ) .
as transient and time-resolved absorption and Raman. Three

between donor (D) and acceptor (A) moieties. Along these lines, . .
. f]yndamental mechanisms are responsible for nonresonant charge-
various models have been developed to understand the rates g .

. . . . . transfer processes in molecular systémshe superexchange
adiabatic and nonadiabatic electron transfer as a function of the

L mechanism involves electron(eor hole (I7) transfer via the
thermodynamic driving force and the geometry and nature of bridge and does not involve discrete redox changes in the bridge
the bridge'~16 Photoexcitation of the D fragment in afB—A 9 g ge.

The other mechanisms are incoherenthé tunneling and
thermally activated hopping, the latter of which involves

Numerous experimental and theoretical studies have been
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#North Carolina State University. oxidation or reduction of the bridge. Importantly, key excited-
@ 189?{2??3?6;; Meyer, T. J.; Ratner, M. A. Phys. Chem1996 100, state contributions to the nature of the"PB—A~ charge-
(2) Marcus, R. AChem. Phys. Lettl987, 133 471—477. separated configuration have not been explored in detail, since
(3) Gray, H. B.; Walther, R.; Ellis, J. Electron Transfer. Bioinorganic i it i i i
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Figure 1. Potential energy diagram for PET showing the charge separated
state as a BB—A biradical.

direct measurement of the electronic coupling matrix element
(Hag) is generally not possible in BB—A systems because

opposed to orbital, description of the system. Thus, the VBCI
approach is more amenable to spectroscopic investigations since
electronic transitions occur between states. In this model,
covalency is manifested by configurational mixing of charge-
transfer excited states into the ground state via the electronic
coupling matrix elementHas. Since the biradical ligand
exchange interaction in Fp™MaI(SQNN) is so strong, the
donor and acceptor radicals may be covalently linked by various
spacer (bridge) groups and still retain their strong ferromagnetic
coupling. Expressions have been developed that relate the
measured exchange coupling parameferwith Hag, which
describes the transfer of an electron from donor to accéptdt.
Thus, our D-B—A complexes are excellent systems for the
study of orbital and pathway dependent electronic coupling
contributions to electron transfer through the bridge fragment.
As magnetic susceptibility measurements are easily acquired
in the solid stateHag may be effectively determinefdr single
molecules in a known geometrgrovided a crystal structure
exists for the biradical complex. In summary;-B—A biradi-

cals possess considerable potential for probing electronic

the electron-transfer rate is very dependent on intramolecularstructure contributions to the design of molecular electron

and solvent reorganization energi&€s?® Stable D-B—A bi-
radicals are effectivelground state analoguesf the charge
separated state (Figure 1). As such, detailed electronic studie
of stable ground state doneacceptor biradical systems provide
a convenient platform for evaluating key electronic structure
contributions to the magnitude bfag, and the contributions of

transport conduits, including technologies that exploit magnetic
bridge fragments and those that promote unidirectional electron

§|OW. 16,17,34,36-44

Experimental Section

All compounds were synthesized as previously described.

the bridge fragment through detailed spectroscopic and magnetic Electronic Absorption Spectroscopy Electronic absorption spectra

studies of analogues for the"'BB~—A excited configuration

that figures prominently in superexchange and hopping mech-

anisms.

Regarding D-B—A systems, electronic interactions between
covalently linked organic radicals can also be quite strong owing
to direct exchange between the individual spin cerfter¥,
Specifically, covalently bound nondisjoint doresicceptor
biradicalg® that constitute a B-A pair can possess extremely
strong intramoleculaferromagneticinteractions and display
potential as key organic linker components in the construction

were collected on a Hitachi U-3501 UWis—NIR spectrophotometer
capable of scanning a wavelength region between 185 and 3200 nm
using a double-beam configuration at 2.0 nm resolution. The instrument
wavelength was calibrated with reference to the 656.10 nm deuterium
line. Background spectra were collected to correct for residual absorp-
tion due to the solvent or mulling agent and automatically subtracted
from the sample spectrum by the Hitachi Grams software. Low
temperature{10 K) spectra were collected using a Janis STVP-100
continuous flow cryostat mounted in a custom designed cradle assembly,
and the sample temperature was monitored with a Lakeshore silicon
diode (PT-470) and regulated by a combination of helium flow and

of high-spin supramolecules. Recently we have applied a valencedual heater assemblies. Solution spectra were collected in 1.0 mm path

bond configuration interaction (VBCI) model in order to provide
a framework for understanding the electronic origin of the strong
ferromagnetic coupling in the semiquinone-nitronylnitroxide
(SQNN) D—A biradical series, TB*™MaV(SQNN) (TgumM =
hydro-tris(3-cumenyl-5-methylpyrazolyl)borate; #transition
metal ion, Scheme 1), which provides key design criteria for
the synthesis of nelwigh-spinbiradicals?’~2* This model owes
much to the early VB work of Heitler and Lond8hbased on
Heisenberg’s resonance approdtldgtailing the origin of the
chemical bond in K The VBCI model differs from the more
common molecular orbital model in that it provides a state, as

(18) Forbes, M. D. E.; Ball, J. D.; Avdievich, N. I. Am. Chem. Sod.996
118 4707-4708.
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L. J. Am. Chem. So@001, 123 3133-3134.
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2005 24, 2876.
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science: New York, 1976; pp 38B85.

(30) Brunold, T. C.; Gamelin, D. R.; Solomon, E.J. Am. Chem. So@00Q
122 8511-8523.
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Scheme 1. Molecules TpCumMepM(SQNN) and ArNN

O—MTpCumMe H OCHg
t ’é'IIN‘ S + CHs
TpCum,Me_ /—'Ll\l ‘Ell N\ =
@O.?\i)/ N—d i-Pr @Oﬁ?/ N—O.
i-Pr
TpCum,Me M(SQNN) i-Pr ArNN

prepared in dichloromethane except for STpMeCu(SQNN) and transition, based upon the spectrum of ArNN. Interestingly, the
Tpeu™MZn(SQNN) and ArNN (Scheme 1) which were dissolved in  ~24 500 cn! band is not present in absorption spectra of either
methylcyclohexane. Solid-solution spectra were collected on thin TpCumMezn(SQYS or the aryl nitronylnitroxide, ArNN, which

polystyrene polymer fillms prepared by evaporgtion of the saturated jqccegs the SQ and NN constituent chromophores of the SQNN
polystyrene solutions dispersed on glass. Gaussian resolution of ?peCtraﬁgand (Scheme 1), indicating that this transition is intrinsic to
bands and corrections for light scattering were accomplished with the

Grams 386 software package. the SQNN chromophore (Figure 3). -
Resonance Raman Spectroscopoherent Innova 70-5 Arion Aside from the uniqueness of the 25 OOOT?fUangltlon to
(457.9-528.7 nm) and Coherent Innova 300C*Kon (406.7-676.4 SQNN, additional support for the S@-— NN-z* assignment
nm) lasers were used as the excitation sources. The scattered radiatiois derived from resonance Raman (rR) spectroscopic studies on
was dispersed onto a liquid,Nooled 1” Spex Spectrum One CCD  TpCUm™MeCy(SQNN). Resonance Raman spectra collected at
detector using a Spex 1877E triple grating monochromator equipped 413.7 nm and 488 nm for T™MeCu(SQNN) are shown in
with 600, 1200, and 1800 gr/mm holographic gratings at the spectro- Figure 4. More than 20 vibration bands are found to be
graphic stage. The laser power at the s_ample was kept between 40 a”‘i’esonantly enhanced when pumping into the 24 500'q#08
100 mW to .prevent thermal degradation or photodegradation of the nm) absorption band, and at least 11 vibrational bands are
S?mp'e- S.Ol'd _samples were prepa_red as finely ground powders andobserved in the 12601600 cnT?! region where the dominant
dispersed into finely ground NaN@ntil the mixture was homogeneous. . . . : . .
Solution samples were prepared in &, The prepared samples were in-plane .SQNN ligand stretphlng vibrations are annmpa}e@ to
then sealed in an NMR tube with a rubber septum and Parafilm. Room- occur. Vlbratlonfil frequencies and normal mode_descrlptlons
temperature spectra were obtained with the sample tube placed in ahave been obtained from DFT frequency calculations, and the
modified NMR sample holder/spinner and collected using a°135 results for the in-plane stretching region are compared with the
backscattering geometry. experimental data and presented in Table 1. The large number
Electronic Structure Calculations. Electronic structure and vibra-  of observed in-plane vibrations, coupled with the fact that the
tional frequency calculations were performed at the density functional vibrations are delocalized over the entire SQNN chromophore,
level of theory using the Gaussian 03W software package. All s fully consistent with an assignment of the 24 500 éiand
calculations employed the B3LYP hybrid functional and used a as an intraligand S@- NN charge transfer, underscoring the
6-311Gt++ baS|s_set, including dlffuse_and polarizability fu_nctlons fqr donoracceptor nature of the SQNN ligand. Additionally, rR
_aII atoms. Inpu_t files were prepared using the molecule builder function excitation profiles have been constructed for the 1407and
in the Gaussview software package. . . . . .
1482 cnt! modes, which possess in-plane vibrational motions
Results and Discussion in both the NN®47 and S@® fragments (Figure 5). The
resonance Raman excitation profiles are consistent with the
intraligand charge-transfer nature of the 24 500 &imand in
TpcumMaV(SQNN), as vibrations common to the coupled SQNN
chromophore are resonantly enhanced. In summary, an intense
intraligand SQx — NN-z* CT transition is observed in
TpCumMaVI(SQNN) that is unique to this composite chro-
mophore.

Spectroscopic StudiesAn overlay of the room-temperature
electronic absorption spectra for F9"MCu(SQNN) and
TpCumMeZn(SQNN) is presented in Figure 2. It is apparent that
the absorption spectrum of F"MeZn(SQNN) is only slightly
blue-shifted from that of the Cu analogue, indicating that the
nature of the divalent metal plays only a minor role in affecting
the electronic absorption spectfaOtherwise, the spectra of . . . .
these, and other TH™MaVI(SQNN) compounds, are virtually Frontier Molecula_r Orbital De_scrlptloq of Blrad|C|aI_
identical. This indicates that the observed spectral featuresSQNN and Evaluation of the Singlet-Triplet Gap. Spin

dominantly derive from SQNN intraligand-based transitions with unrestricted density functional theqry calculation_s have_been
no discernible bands being ligand field, LMCT, or MLCT in performed on NN, SQ, and SQNN in order to gain additional

nature. For TBmMCU(SQNN), a broad low-energy absorption insight into the electronic structure of the SQNN biradical ligand

; : : N d the electronic origin of the large ferromagnetic exchange
feature is found in the 10 064L5 000 cnt! region € ~ 625 andthe € o : . -
M-1 cm-1), assignable as an SQn z* transition by analogy coupling in the SQNN blra_dlcal, which I_eads to the_ h|gh_§6m
with other SQ-based chromophores. Similarly, thé8 000 = 1 ground staté24°The highest occupied NN orbital (Figure

cmt (¢ ~ 1875 ML cm?) band is assigned as an NN-based 6), 43, is am-type molecular orbital comprised of ptomic

Lk . N )
n T tr.ansmor? ba.sed on the spectroscopic §!mllarlty with (45) Ruf, M.; Noll, B. C.; Groner, M. D.; Yee, G. T.; Pierpont, C. Borg.
the aryl-nitronylnitroxide, ArNN (Scheme 1). Additional, higher Chem.1997 36, 4860-4865.

it ~ (46) Xiao, C.; Feng, K.; Mo, Y.; Meng, Q.; Zhang, M.; Wan, M.; ZhaoChem.
energy transitions are observed at 24 500 €ife ~ 13 500 Phys.1998 237, 73~79.

M~ cm™) and 29 000 cm! (e ~ 13 000 M1 cm™Y), with a (47) Mo, Y.-J.; Li, Y.-C.; Zhao, J.-G.; Fen, K.-A.; Xiao, C.-Y.; Wan, M.-%.
~ 1 —1 Magn. Magn. Mater200Q 213 278-280.

shoulder on the latter at_ 30 390 CMG ~ 10200 M= cm™). (48) Lyngch, M.%N.; Valentine, M.; Hendrickson, D. N. Am. Chem. S0¢982,

The 29 000 cm! band is assigned as a NN-based— 7* 104, 6982.

J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007 1939
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__ 16000 r r , Table 1. Experimental Raman Frequencies, Calculated Vibrational
e 14000 L Frequencies, and Mode Assignments for TpCumMeCu(SQNN)
'-; 12000 L experimental calculated SQNN
= TpSmMeCu(SQNN) IR frequency assignment
& 10000 IR frequency (cm—Y) (em™) (dominant in-plane motion)
[}
£ 8000 - 1000 SQ G—C, stretch
8 6000 | 1026 1025 NN G—N stretch
c 1106 SQ G—Cg stretch
-% 4000 1148 1147 NN N-C,—N bend
£ 2000 | 1190 1185 NN N-C stretch
b . . . . 1291 1291 SQ g-C, stretch
0 NN N—Cs—N wag
8000 16000 24000 82000 1315 1299 SQ €0 stretch
Energy (wavenumbers) NN ring breathing
Figure 2. Room-temperature electronic absorption spectra hTHe 1348 1352 SQ €0 stretch
CU(SQNN) (red) and Tp™MZn(SQNN) (blue). NN N—O stretch
1375 1374 SQ €0 stretch
16000 | . . ; NN C,—N—Cgs bend
= 1407 1401 SQ C-C, stretch
F'E - - NN Co—N—Cg bend
T 1440 1423 SQ €0 stretch
= B 7] NN ring breathing
g B 1446 SQ G-O stretch
.g NN ring breathing
£ 8000 - 1482 1460 SQ €0 stretch
3 NN ring breathing
o - . 1490 SQ G-O s stretch
é 4000 |- i SQ G,—Cg stretch
2 NN Cy—N stretch
=] i i 1557 1553 SQ €0 stretch
w NN ring breathing
o
6000 12000 18000 24000 30000 36000
Energy (wavenumbers) 16000 =T
Figure 3. Room-temperature electronic absorption spectra T« e
Zn(SQNN) (black), ArNN (red), and TP™MeZn(SQ) (blue). Note: the o
spectrum of ArNN has been blue-shifted by 2000-&rfor comparative 's 12000
purposes. “-E
o
(8]
% 8000
=]
2 -
E % 4000
= £
: 5
E . 0 PR PRI S N T S T S
E B T 8000 16000 24000 32000
_g Energy (wavenumbers)
g | o« _ Figure 5. Resonance Raman excitation profiles of the 1407 ‘cfolosed
& red circles) and 1482 cm (closed blue circles) modes of ¥ MeCu-
* * (SQNN)
I I I I .‘&T_M‘

200 400 600 800 1000 1200 1400 1800
Raman Shift (wavenumbers)

Figure 4. Room-temperature resonance Raman spectra 8f"MCu- p
(SQNN) at 488 nm (red) and 413.7 nm (blue). Solvent modes are marked |
with an asterisk. g

orbital functions localized on the N and O atoms. Importantly,
there is no coefficient on the central carbon in the highest
occupied NN 48 orbital, which bridges to the SQ fragment in
SQNN. The situation regarding the NN fragment is analogous !
to that of the pentadieny! dianion radical, the SOMO of which  £5r6 5. SOMO wavefunctions for NN (left) and SQ (right).

has a node at the central carbon. The highest occupied majority

spin orbital for the SQ radical is 83ax-type molecular orbital be responsible for determining the sign and magnitude of the
delocalized over all ring C atoms and the semiquinone O atoms magnetic exchange parameted, @hich defines the nature of

and is depicted in Figure 6. Thus, the SQNN spin bearing the Singlettriplet gap in TF*™MZn(SQNN).

orbitals which are analogous to NN é&nd SQ 38 should _ Spin-restricted DF_T calcu_lations on the SQNN biradical
ligand are fully consistent with the computational results for
(49) Kirk, M. L.; Shultz, D. A.; Depperman, BRolym. J.2004 the constituent SQ and NN chromophores and lead to the

1940 J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007
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) CTC
Be® 8 preseve it i CTC
. L 8, — £ | <bja>#0 | 2K
'— ].UMOSQNN T e H T i )/—
LUMOyy — \ LUMOgqy 12 CTC .
@ _‘L U 2] = 2H,K,
@ o =T 2
| §. 98 2 (- K&5)
a _g;"‘ “'
g 1,3
»—H— SOMOgq SOM 0251y Hy=0 GC
s __gi MO2sann ! @ - ay l L <ailb>=0 ‘
SOMO SOMO1gquy o Figure 8. VBCI model. Simplified orbital diagram using SOM® (a4),
X @SOMO_I LUMOnn (a2), and SOMQq (by) basis functions (left), and a state diagram
NN NNSQ sQ : SQNN (right) deriving fromab; (3GC), a;b; (*:GC), a13, (3CTC), andaya, (-
] ) B ) ) CTC) configurations. Note thad;, b1, anda; are orbital labels andot
Figure 7. Molecular orbital mixing diagram (left) and frontier-MO Mulliken symbols, and the singlets are multideterminantal wavefunctions).

wavefunctions for SQNN (right).

results in a large amount of LUM@ orbital character being
mixed into the SOMOgZonn Wavefunction. The SOMN
function is nonbonding with respect to SQ, and therefore
SOMOIsonn possesses pure NN character. Thus, positive
overlap density results from the NN contribution to both
SOMOIsgnn and SOMOZonne This is an example of what is
called a nondisjoint biradicaP.

Noodlemaf'52 has described a convenient computational
approach using spin-unrestricted DFT methods to evaluate the
sign and magnitude of the exchange coupling, and this has been
used extensively in the treatment of the exchange problem in
transition metal dimers. In this method, tBe= 0 spin state
within the electronic GS is represented by a single determinant.
We have used this approach to quantitatively evaluate the
exchange interaction in biradical SQNN and obtain a calculated
singlet-triplet gap () for SQNN of 722 cm! with a high-
spinS= 1 ground state. This result is in reasonable agreement
with previously determined values dfderived from magnetic
susceptibility (3 > 600 cnt!) and an analysis of proton
hyperfine splittings (2 ~1100 cnr?).

Valence Bond Configuration Interaction (VBCI) Model.

For organic biradicals, the intramolecular exchange coupling
is often described within the active electron approximation,
where only two magnetic orbitals are involved. An alternative
description of the magnetic exchange problem in denor
acceptor biradicals is conveniently handled within the valence
bond configuration interaction (VBCI) model. More importantly,
the VBCI model contains parameters that can be evaluated with
spectroscopic data, allowing for an evaluation of excited-state
contributions to the ground state exchange. The intraligand SQ
— NN charge-transfer band F™MaVI(SQNN) is the organic
analogue of metal-to-metal charge transfer (MMCT) bands
observed in transition metal dimei%®® One advantageous
feature of these donetacceptor biradicals is that there is only

simplified molecular orbital diagram and valence molecular
orbitals shown in Figure 7. Interestingly, the nature of the
constituent SQ and NN SOMO wavefunctions precludes any
direct exchange interaction between them. The key observation
here is that the central carbon atom on the NN SOMO, which
is directly connected to the SQ ring, €arbon, possesses ng p
atomic orbital coefficient in the LCAO expansion of the NN
SOMO wavefunction. As such, tH&OMOun|SOMOsgJover-

lap integral in SQNN is anticipated to be zero, requiring one to
proceed beyond the active electron approximation and include
virtual orbitals (i.e., LUMQy) in the analysis of the magnetic
exchange. In contrast to the NN SOMO, the NN LUMO
wavefunction possesses a dominant contribution from the central
carbon atom, allowing for a nonzerdUMOnn|SOMOsgd
overlap integral. Mixing of the NN LUMO into the SQ SOMO

is clearly apparent in SOMQ@3nn and LUMOsonn (Figure 7)

and exemplifies the nature of the S& NN donor-acceptor
character of the SQNN biradical. THEUMOnn|SOMOsg]
overlap integral is related to the intensity) of the intraligand
SOMOZsonn— LUMO sonn charge-transfer band according to
eq 1.

lor O ILUMO | SOMOg )

Therefore, the high extinction coefficient & 13 500 Mt
cm™1) for the SOMO2ony— LUMOsonnintraligand CT band
confirms the large orbital mixing between the constituent
LUMOnn and SOMQq basis functions in SQNN, and this is
consistent with the bonding picture derived from DFT calcula-
tions as well as the simple MO picture. Additionally, this
LUMONN—SOMOsq orbital mixing provides the dominant
contribution to the ground state magnetic exchadpadcording
to egs 2 and 3°

J=J+J 2) a single dominant superexchange pathway, and this leads to a
straightforward determination dfl;o (Hi2 = Hag in SQNN;
- Figure 8) within the VBCI formalisni® A state energy diagram
Je=k= [o(p(2rs; de (3  Houed) gy diag

for TpCumMezn(SQNN) constructed from electron occupation
HereJar is the antiferromagnetic contribution to the measured ©f the a1 (SOMOw), bi (SOMGsq), anda; (LUMOnn) basis
magnetic exchangék is the ferromagnetic contribution to the ~ functions is presented in Figure 8. Heeerepresents the NN
measured magnetic exchang) is the overlap density for the ~ Site, andb, the SQ site. Since the SOM® and SOMQq
singly occupied orbitals (SOMQ&nn and SOMOZonn) N

(51) Lovell, T.; Himo, F.; Han, W. G.; Noodleman, Coord. Chem. Re 2003

biradical SQNN, andr > |Jag| since[FOMQOun|SOMOsg = 238 211. _

0. The key point here is that LUM@—SOMOsq orbital mixing (52) Noodleman, L.; Case, D. A.; Aizman, A. Am. Chem. Sod 98§ 110
(53) Creutz, C.; Newton, M. D.; Sutin, Nl. Photochem. Photobiol., 2994

(50) Kahn, O.Molecular MagnetismVCH: New York, 1993. 82, 47-59.
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fragments are orthogonal in this basis, the electronic coupling CTC L S
matrix elementHiy, is zero, and the singlet@C) and triplet K .
(8GC) ground configurations are degenerate in first order. °

Therefore Jsonn = 0 within the active electron approximation, 3CTC C ng
in stark contrast to the large ferromagnetic exchange determined \f— $=0
experimentally.

According to Figure 8, the experimental observation of an “Forbidden”
intense SQ— NN CT transition necessitates a large value for = °GC—'CTC
Hi,, the electronic coupling matrix element that connects Transition
SOMOGOsq and LUMOwn. Furthermore, the extent to which the
a3, 3CTC excited configuration mixes into tR&C a;b; ground
configuration will result in an energetic stabilization ¥5C
and a high-spin triplet ground state. In order to determine the 1GC o=1
magnitude of théGC state stabilization relative to th&C (i.e.,
2Jsonn) in TpcumMe Zn(SQNN), we use a perturbative expres- IZJSGN" =1000 om™
sion (eq 4) which has been derived within this three-orbital 3GC g:f
model. — $=0

Figure 9. Energy diagram for SQNN (left) and FE™MaNi(SQNN) (right).
2H2 K Note that Nf (S= 1) - SQNN (S=_1) antiferromagnetic exchange provides
2‘]SQNN =— 12 02 4) a means for accessing the “forbiddei€TC at 29 500 cmt.
U =Ko 04 [
0.35 F

Here, Ko is a single-site exchange integral that splits the :
a1, singlet and a;a, triplet excited-state configurations 03 F

(Hund's rule), andU is the mean charge-transfer energy, go,zs 3
[E(CTC) + E(3CTC))/2. This expression is similar to one 8 ;
derived by Girer® but differs by a factor of 2. This results E 02
from the fact that eq 4 is derived for a three-state denor < 0.15
acceptor system with one exchange pathway involving the 01 3

excited state, as opposed to a four-state system appropriate for
a symmetric dimer that possesses two equivalent exchange 0.05 h
pathways that couple the ground and excited state. Equation 4
shows that the ferromagnetic interaction is maximized in denor
acceptor biradicals when (1) the electronic coupling matrix Figure 10. Variable temperature electronic absorption spectrum of
element that connects one monomer fragment SOMO and thetpcummeyiSQNN) in a polystyrene thin film.

other monomer fragment LUMO is maximized, (2) the single-

site exchange integral is large, and (3) the intramolecular CT evaluation ofKy. This requires the observation of the spin-
energy U — Ko) is low. These represent key design criteria for forbidden 3GC — ICTC intraligand CT band in order to
the synthesis of doneracceptor biradicals with high-spin ~ determine théCTC—ICTC splitting (&o).

ground states. Stabilization of tR&C is strongly dependent Analysis of Hot Bands The incorporation of ag= 1 Ni(ll)

on the magnitude of the electronic coupling matrix element, center in TE“™MNi(SQNN) leads toantiferromagneticex-

Hi,, which describes the efficiency of electron transfer from ¢hange between the Ni(ll) ion and ti&= 1 SQNN D-A

the SQ donor to the NN acceptor. Thus, a determinatidipf ~ Diradical liganc?? This results in a diamagnet8= 0 ground

for D—A biradicals may be made from a combination of State with a low-lying triplet at 160 cm (2Jw-sonn) above
magnetic susceptibility and/or EPR measuremeljtar(d optical ~ the ground state singlet. Sincé\2-sonn is on the order okT,
spectroscopyld andKg). Along these lines, Wasielewski and variable temperature electronic absorption spectroscopy may be
co-workers have recently reported an elegant method for Used to probe transitions originating from both fe= 0 and
determining Hag in the weakly coupled nonadiabatic S= 1ground state spin manifolds within tAeC of Tpg-'mMNi-
regimel5-17.31345459n these studies, magnetic field effects are (SQNN) (Figure 9). Therefore, at low temperatures only$he
used to experimentally determine the exchange parameter for= 0 ground state component of tH&C is populated, and optical
the charge separatezkcited statebiradical formed by PET.  transitions to the S= 1 component of théCTC are spin-
Donor—acceptor biradicals, like the ligand SQNN, are ground- forbidden. However, upon warming the system the= 1
state analogues of excited-state charge-separated species formg@mponent of théGC is populated allowing the observation
by PET. Since the exchange parameter for a biradical can beof the formerly spin forbidder’GC — *CTC intraligand
evaluated over ca. 6 orders of magnitullgg for adiabaticand ~ CT transition. The intensity gaining mechanism occurs
nonadiabatic cases can be probed using a variety of bridges. Athrough intensity borrowing from the fully spin allowed

major problem in determiningiag in the adiabatic limitis the ~ S=1°GC— S=1°CTC intraligand CT at lower energy. The
5 K electronic absorption spectrum of F45"MNi(SQNN) in

5000 10000 15000 20000 25000 30000 35000
Energy (wavenumbers)

(54) Weiss, E. A.; Ratner, M. A.; Wasielewski, M. R. Phys. Chem. 2003 Figure 10 displays broad low-energy absorption features in the
107, 3639-3647. : ;

(55) Sinks, L. E.; Weiss, E. A.; Giaimo, J. M.; Wasielewski, M.Ghem. Phys. 10 0_(_)0_15 000 cm* and 16 008-21 000 cn* regions, with
Lett. 2005 404, 244, additional bands centered at 25 100@m29 000 cnil, and
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Figure 11. Normalized electronic absorption intensity changes as a function
of temperature for the 25 100 crh(red solid circles) and 29 200 crh
(blue solid circles) of TBU™Ma\i(SQNN). The solid lines are the Boltzmann
populations for thes = 0 (red) andS = 1 (blue) magnetic sublevels of

Sinced, Ko, andU have now been evaluated experimentally,
this allows for the magnitude of the electronic coupling matrix
element to be calculated directly from eq 4 athd (i.e., Hsonn)
= 13460 cntl. Under the assumption thal and K, are
unaffected by the nature of the bridge fragment, this methodol-
ogy allows for the straightforward determination of the electronic
matrix element for any SQbridge-NN system given the
magnitude of the exchange couplinly,according to eq 5.

J H3
SQ-Bridge-NN __ " "SQ—Bridge—NN

(%)

2
‘]SQNN HSQNN

As an example, the magnetic exchange parameter for phenyl-
bridged TpFUmMeZn(SQ-Ph—NN) (Scheme 2 has been
determined to be Ro pr-nnv = +200 cnt1.2? This results in
Hso-ph-nn = 5740 cnr? for TpCUmMeZn(SQ-Ph—NN), which

is ~56% less than the electronic coupling matrix element for

Figure 10 determined from solid-state magnetic susceptibility measurements TpCum-Mezn(SQNN).

on TEFUMMeNi(SQNN).

Scheme 2 . para-Phenylene-Bridged Biradical
TpCumMezZn(SQ—Ph—NN)

1) _ZnTpCum,Me
B O

(]
J

@O\% 7 N—d

29 900 cnt?! similar the those observed for T{"Me&Zn(SQNN)
and TEFU™MCu(SQNN).

As predicted from Figure 9, when the temperature is increased

a marked decrease in the 25 100¢rband is observed with a
concomitant increase in absorption intensity at 29 200 cm
(Figure 10). Collectively, this behavior is consistent with the
population of theS = 1 magnetic component of the exchange
coupled®GC and the appearance of the “forbiddé&¥= 1 3GC

— S = 1 ICTC intraligand CT transition. TheCTC—1CTC
energy gap is~4000 cnt?, which is equal to K in the VBCI
model, andU is equal to 27 000 cri. The intensities of the
25100 cntt and 29 200 cm! bands in TFU™MaNi(SQNN) can

Conclusions

Donor—acceptor biradicals, like the ligand SQNN, may be
viewed as ground-state analogues of excited-state charge-
separated species formed by PET. As such, our work on eonor
acceptor biradicals builds on the extensive PET literature relating
Hag to the electron-transfer rate in photoexcited-B—A
systemg1.1315.17,31,32,54,584 Gjince the exchange parameter for
a biradical can be evaluated over ca. 6 orders of magnitude,
Hag's in the adiabatic and nonadiabatic limits can be probed
using a variety of bridges. In addition, the angular and distance
dependence dfiag can be evaluated in a straightforward manner
provided a crystal structure of the doracceptor biradical can
be determined. Furthermore, the magnitude of the electronic
coupling matrix element can be related to the ground and
excited-state electronic structure of the donor, bridge, and
acceptor, allowing one to determine key electronic structure
contributions to coherent and incoherent electron transfer/
transport. Future efforts will include evaluating the effects of
different bridge fragments on the electronic coupling matrix
element and exploring the angular dependendéxgfin various
TpCumMa\j(SQ—Bridge—NN) donor-acceptor biradical com-
plexes.
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