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ABSTRACT:

Four new dipolar cations have been synthesized, containing ferrocenyl electron donor groups and diquaternized 2,20-bipyridyl
(diquat) acceptors. To our knowledge, these are the first organometallic diquat derivatives to be reported and have been
characterized as their PF6

� salts by using various techniques including 1HNMR and electronic absorption spectroscopies and cyclic
voltammetry. UV�vis spectra show multiple intramolecular charge-transfer bands, and three reversible redox processes are
observed for each compound. Molecular quadratic nonlinear optical (NLO) responses have been determined by using hyper-
Rayleigh scattering at 1064 nm and Stark (electroabsorption) spectroscopic studies on the intense πf π* intraligand and df π*
metal-to-ligand charge-transfer bands. The most active compounds have estimated, Stark-derived β0 values approaching that of the
chromophore in the technologically important material (E)-40-(dimethylamino)-N-methyl-4-stilbazolium tosylate. Single-crystal
X-ray structures have been obtained for three of the salts, with one adopting the orthorhombic space group Aba2 and having
potential for bulk NLO behavior due to its polar structure. Attempted crystallizations of the remaining chromophore revealed that it
undergoes an unusual intermolecular formalMichael cycloaddition between an activatedmethyl group and a double bond, forming a
dimeric species. This diastereomeric cyclic complex has also been characterized via single-crystal X-ray diffraction.

’ INTRODUCTION

Organic nonlinear optical (NLO) materials are of great cur-
rent interest.1 As well as academic incentives, research is moti-
vated by applications such as biological imaging and advanced
telecommunications, for example the creation of all-optical
computing devices. While most of this research has focused on
purely organic chromophores, metalloorganic species are also
highly attractive.2 The facility of design associated with organic
materials can be combined with metals to introduce additional
properties, such as redox chemistry3 or magnetism (often in
hybrid materials).2c,d,4 In addition, the presence of metal ions can
allow the construction of chromophores with unusual shapes,
e.g., 3D octupoles,2g,5 or direct the formation of coordination
polymers with NLO activity.6

For molecular compounds, quadratic (second-order) NLO
behavior arises from the first hyperpolarizability β that translates
into the macroscopic coefficient χ(2) in materials. To achieve
nonzero values of both β and χ(2), noncentrosymmetric struc-
tures are essential. Large β responses are generally found in
organic and metalloorganic molecules having electron donor
(ED) and acceptor (EA) groups linked via polarizableπ-systems.
Typically, these are simple 1D dipoles, such as the commercially
exploited (E)-40-(dimethylamino)-N-methyl-4-stilbazolium (DAS+)
cation.7 However, multidimensional species such as octupoles
and 2D dipoles2c,8 offer potential advantages over their 1D
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counterparts. These include larger NLO responses without sacri-
ficing visible transparency and possibilities to use polarization
effects to avoid reabsorption of light produced by the quadratic
effect second-harmonic generation (SHG).8a The noncentro-
symmetry necessary for bulk effects such as SHG or electro-optic
behavior may be achieved in crystals, e.g., DAS+ tosylate (DAST),7

or in other ordered systems such as poled polymers and Langmuir�
Blodgett thin films.

Inspired by a seminal report by Green, Marder, and colle-
agues,9 many investigations into quadratic NLO properties have
exploited the ferrocenyl (Fc) group (or its methylated deriva-
tives) as an electron donor.2b,10 Although the Fc moiety itself is a
weaker π-ED group when compared with an alkylamino unit,11

methylation enhances its donating strength, and well-defined
redox chemistry can be used to switch NLO behavior.3a,b In addi-
tion, Fc derivatives are highly stable and also amenable to very
extensive functionalization chemistry. Besides NLO properties,
other motivations for the study of EA-containing Fc derivatives
are diverse and encompass photoinduced electron-transfer (in-
cluding potential applications in dye-sensitized solar cells),12 ion sen-
sing,13 electrochromism,14 and pH-switchable optical properties.15

Studies with charged, Fc-containing NLO chromophores have
included monometallic species with mostlyN-methylpyridinium
π-EAs11,16 and various bimetallic complexes.17 However, despite
some promising results, particularly with salts of the cation (E)-
N-methyl-4-[2-(ferrocenyl)vinyl]pyridinium,16b the potential of
relatively simple salts containing Fc groups remains relatively
unexplored. Therefore, we recently reported Fc derivatives with
strong N-arylpyridinium π-EAs, achieving static first hyperpolar-
izabilities β0 of up to 288 � 10�30 esu derived from Stark
spectroscopic data.18 We have also investigated a large family of
purely organic chromophores based on diquaternized 2,20-bipyr-
idyl (diquat, DQ2+) units.19 Such π-EAs (Figure 1) offer the fol-
lowing attractive features: (i) acceptor strengths higher than that
ofN-alkylpyridinium groups; (ii) twowell-separated and reversible
reductions; (iii) the ability to connect two π-EDs in V-shaped,
2D species; and (iv) possibilities for tuning structural and electro-
nic properties by changing the length of the quaternizing bridge.
Motivated by the goal of creating multistate optical switches, here
we present a study of 1D and 2D metallochromophores in which
DQ2+ groups are linked to redox-active Fc moieties.

’EXPERIMENTAL SECTION

Materials and Procedures. Acetonitrile and DCM were dried
over CaH2 and distilled under nitrogen. All other reagents and solvents
were obtained as ACS grade from Sigma Aldrich, Alfa Aesar, or Fisher
Scientific and used as supplied. The compounds 1,2-bis(triflyloxy)ethane,20

1,3-bis(triflyloxy)propane,20 4-[(diethoxyphosphinyl)methyl]-40-methyl-
2,20-bipyridyl,21a and4,40-bis[(diethoxyphosphinyl)methyl]-2,20-bipyridyl21b

were synthesized according to previously published methods. Products
were dried at room temperature overnight in a vacuum desiccator
(CaSO4) prior to characterization.
General Physical Measurements. 1H NMR spectra were re-

corded on Bruker UltraShield 500, AV-400, or DPX-300 spectrometers
and all shifts are quoted with respect to TMS. The fine splitting of
pyridyl or phenyl ring AA0BB0 patterns is ignored, and the signals are
reported as simple doublets, with J values referring to the two most
intense peaks. Where additional peaks due to minor rotamers are ob-
served ([3/4][PF6]2), only the data for the major rotamer are reported
in this section. Abbreviations used: ax = axial; eq = equatorial. Elemental
analyses were performed by the Microanalytical Laboratory, University

of Manchester, using a Carlo Erba EA1108 instrument, and thermo-
gravimetric analyses (TGA) were performed by the same service
(heating up to 600 �C under N2). UV�vis spectra were obtained by
using a Shimadzu UV-2401 PC spectrophotometer, and mass spectra
were recorded by using +electrospray on a Micromass Platform II
spectrometer. Cyclic voltammetric measurements were performed by
using an EG&GPARmodel 283 or an Autolab PGStat 100 potentiostat/
galvanostat. A single-compartment cell was used with a silver/silver
chloride reference electrode (3 M NaCl, saturated AgCl) separated by a
salt bridge from a 2mmdisk glassy carbon working electrode and Pt wire
auxiliary electrode. Acetonitrile was freshly distilled (from CaH2), and
[NBun4]PF6, as supplied from Fluka, was used as the supporting elec-
trolyte. Solutions containing ca. 10�3M analyte (0.1M electrolyte) were
deaerated by purging with nitrogen. All E1/2 values were calculated from
(Epa + Epc)/2 at a scan rate of 200 mV s�1.
Synthesis of 4-[(E)-2-(Ferrocenyl)vinyl]-40-methyl-2,20-bi-

pyridyl, 1. Potassium tert-butoxide (97 mg, 0.864 mmol) was added
to a stirred solution of 4-[(diethoxyphosphinyl)methyl]-40-methyl-2,
20-bipyridyl (200 mg, 0.624 mmol) and ferrocenecarboxaldehyde
(134 mg, 0.626 mmol) in THF (20 mL). The reaction vessel was sealed
and stirred at room temperature for 18 h. Distilled water (20 mL) was
added to the deep red mixture, and the THF removed under vacuum.
The orange solid was filtered off and washed with water and a small
amount of methanol: 179 mg, 74%. 1H NMR (400 MHz, CDCl3): δ
8.64�8.58 (2 H, m, C5H3N), 8.50 (1 H, s, C5H3N), 8.36 (1 H, s,
C5H3N), 7.39�7.32 (2 H, C5H3N + CH), 7.21 (1 H, d, J = 5.1 Hz,
C5H3N), 6.73 (1 H, d, J = 16.1 Hz, CH), 4.54 (2 H, t, J = 1.9 Hz, C5H4),
4.40 (2 H, t, J = 1.9 Hz, C5H4), 4.18 (5 H, s, C5H5), 2.46 (3 H, s, Me).
Anal. Calcd (%) for C23H20FeN2 3 0.33H2O: C, 71.53; H, 5.39; N, 7.25.
Found: C, 71.48; H, 5.15; N, 6.87. MS: m/z = 381.3 ([MH]+).
Synthesisof 4,40-Bis[(E)-2-(ferrocenyl)vinyl]-2,20-bipyridyl, 2.

Potassium tert-butoxide (312 mg, 2.78 mmol) was added to a
stirred solution of 4,40-bis[(diethoxyphosphinyl)methyl]-2,20-bipyridyl
(500 mg, 1.10 mmol) and ferrocenecarboxaldehyde (516 mg, 2.41
mmol) in THF (30 mL). The reaction vessel was sealed and stirred in
the dark at room temperature for 4 h. Distilled water (60mL)was added,
and the reaction was stirred for a further few minutes. The orange solid
was filtered off and washed with copious amounts of water followed by
ethyl acetate and diethyl ether: 584 mg, 93%. The crude product was
precipitated from chloroform (300mL) and pentane (600mL) to afford
a red solid: 503 mg, 79%. 1H NMR (400 MHz, CDCl3): δ 8.63 (2 H, d,
J = 5.2 Hz, C5H3N), 8.46 (2 H, s, C5H3N), 7.31�7.28 (4 H, C5H3N +
2CH), 6.73 (2 H, d, J = 16.0 Hz, 2CH), 4.53 (4 H, t, J = 1.9 Hz, 2C5H4),
4.36 (4 H, t, J = 1.9 Hz, 2C5H4), 4.16 (10 H, s, 2C5H5). Anal. Calcd (%)
for C34H28Fe2N2 3 0.33H2O: C, 70.14; H, 4.96; N, 4.81. Found: C,
70.06; H, 5.15; N, 4.64. MS: m/z = 577.3 ([MH]+). TGA shows a mass
loss of ca. 1%, consistent with the loss of ca. 1/3 equivalent of water upon
heating to 310 �C.
Synthesis of 2-Methyl-11-[(E)-2-(ferrocenyl)vinyl]-6,7-di-

hydro-dipyrido[1,2-a:20,10-c]pyrazinediium Hexafluoropho-
sphate, [3][PF6]2. A solution of 1,2-bis(triflyloxy)ethane (85 mg,
0.261 mmol) in dry DCM (ca. 1 mL) was added to a stirred solution of
1 3 0.33H2O (50 mg, 0.129 mmol) in dry DCM (10 mL). The orange
solution rapidly darkened in color before it was protected from the light
and stirred at room temperature for 72 h. The volume was reduced to ca.
5 mL under vacuum, and diethyl ether (20 mL) was added to ensure
complete precipitation of crude [3][OTf]2. This solid was filtered
off, then redissolved in a minimum amount of methanol. The product
was precipitated by addition of 10% aqueous NH4PF6, filtered off, and
washed with water. Reprecipitation from acetone/diethyl ether gave a
dark green solid: 55 mg, 61%. 1H NMR (400 MHz, (CD3)2CO): δ 9.30
(1 H, d, J = 6.3 Hz, C5H3N), 9.11�9.05 (3 H, C5H3N), 8.39 (1 H, d, J =
6.3 Hz, C5H3N), 8.35 (1 H, d, J = 6.6 Hz, C5H3N), 8.26 (1 H, d, J =
15.9 Hz, CH), 7.18 (1H, d, J = 15.9 Hz, CH), 5.60�5.55 (2 H, m, CH2),
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5.44�5.38 (2 H, m, CH2), 4.84 (2 H, t, J = 1.9 Hz, C5H4), 4.75 (2 H, t,
J = 1.9Hz, C5H4), 4.26 (5H, s, C5H5), 2.91 (3H, s,Me). Anal. Calcd (%)
for C25H24F12FeN2P2: C, 43.00; H, 3.46; N, 4.01. Found: C, 42.70; H,
3.17; N, 3.84. MS: m/z = 552.9 ([M � PF6]

+), 204.2 ([M � 2PF6]
2+).

Synthesis of 2-Methyl-12-[(E)-2-(ferrocenyl)vinyl]-7,8-di-
hydro-6H-dipyrido[1,2-a:20,10-c]-[1,4]diazepinium Hexafluoro-
phosphate, [4][PF6]2. This compound was prepared and purified in
manner similar to [3][PF6]2 by using 1,3-bis(triflyloxy)propane (89 mg,
0.262 mmol) in place of 1,2-bis(triflyloxy)ethane, giving a dark green
solid: 72 mg, 77%. 1HNMR (400MHz, (CD3)2CO): δ 9.27 (1 H, d, J =
6.6 Hz, C5H3N), 9.05 (1 H, d, J = 6.6 Hz, C5H3N), 8.58�8.54 (2 H,
C5H3N), 8.39 (1 H, d, J = 6.6 Hz, C5H3N), 8.31 (1 H, d, J = 6.6 Hz,
C5H3N), 8.18 (1 H, d, J = 15.9 Hz, CH), 7.15 (1 H, d, J = 15.9 Hz, CH),
5.29�5.21 (1H,m, NCH2

eq), 5.14�5.06 (1H, m, NCH2
eq), 4.95�4.81

(3 H, NCH2
ax + C5H4), 4.75�4.60 (3 H, NCH2

ax + C5H4), 4.25
(5 H, s, C5H5), 3.16�2.99 (2H, m, CH2), 2.87 (3 H, s, Me). Anal. Calcd
(%) for C26H26F12FeN2P2 3 0.13Et2O: C, 44.12; H, 3.78; N, 3.88.
Found: C, 44.42; H, 3.70; N, 3.74. MS: m/z = 567.2 ([M � PF6]

+),
211.1 ([M� 2PF6]

2+). The residual diethyl ether included in the isolated
product is also evidenced by extra signals with the appropriate integrals in
the 1H NMR spectrum (quartet at 3.45 ppm and triplet at 1.15 ppm).
Synthesis of 2,11-Bis[(E)-2-(ferrocenyl)vinyl]-6,7-dihydro-

dipyrido[1,2-a:20,10-c]pyrazinediium Hexafluorophosphate,
[5][PF6]2. This compound was prepared and purified in manner similar
to [3][PF6]2 by using 1,2-bis(triflyloxy)ethane (57 mg, 0.175 mmol) in
dry DCM (ca. 0.6 mL) and 2 3 0.33H2O (50 mg, 85.9 μmol) in chloro-
form (20 mL). A dark green solid was obtained: 38 mg, 48%. 1H NMR
(400 MHz, (CD3)2CO): δ 9.09 (2 H, d, J = 6.6 Hz, C5H3N), 9.01 (2 H,
d, J = 1.8 Hz, C5H3N), 8.39 (2 H, d, J = 6.6 Hz, C5H3N), 8.27 (2H, d, J =
15.9 Hz, 2CH), 7.20 (2 H, d, J = 15.9 Hz, 2CH), 5.41 (4 H, s, 2CH2),
4.87 (4 H, t, J = 1.8 Hz, 2C5H4), 4.76 (4 H, t, J = 1.8 Hz, 2C5H4), 4.29

(10H, s, 2C5H5). Anal. Calcd (%) for C36H32F12Fe2N2P2 3 0.33Et2O: C,
48.79; H, 3.80; N, 3.05. Found: C, 48.95; H, 3.66; N, 3.21. MS: m/z =
749.9 ([M� PF6]

+), 302.2 ([M� 2PF6]
2+). The residual diethyl ether

included in the isolated product is also evidenced by extra signals with
the appropriate integrals in the 1H NMR spectrum (see above).
Synthesis of 2,12-Bis[(E)-2-(ferrocenyl)vinyl]-7,8-dihydro-

6H-dipyrido[1,2-a:20,10-c]-[1,4]diazepinium Hexafluoropho-
sphate, [6][PF6]2. This compound was prepared in manner similar
to [5][PF6]2 by using 1,3-bis(triflyloxy)propane (30 mg, 0.088 mmol)
in place of 1,2-bis(triflyloxy)ethane in dry DCM (ca. 0.3 mL) and
2 3 0.33H2O (25 mg, 0.043 mmol). The crude [6][OTf]2 was dissolved
in a minimum amount of 1:1 ethanol/acetone, metathesized to its PF6

�

salt, and reprecipitated as for [5][PF6]2 to yield a dark green solid: 22
mg, 56%. 1H NMR (400 MHz, (CD3)2CO): δ 9.09 (2 H, d, J = 6.6 Hz,
C5H3N), 8.64 (2 H, d, J = 2.3 Hz, C5H3N), 8.37 (2 H, d, J = 6.6 Hz,
C5H3N), 8.23 (2 H, d, J = 15.9 Hz, 2CH), 7.20 (2 H, d, J = 15.9 Hz,
2CH), 5.17�5.09 (2 H, m, NCH2

eq), 4.89�4.86 (2 H, m, C5H4),
4.84�4.82 (2 H, m, C5H4), 4.80�4.74 (2 H, m, NCH2

ax), 4.74�4.70
(4 H, m, 2C5H4), 4.27 (10 H, s, 2C5H5), 3.09�3.01 (2 H, m, CH2).
Anal. Calcd (%) for C37H34F12Fe2N2P2: C, 48.93; H, 3.77; N, 3.08.
Found: C, 48.67; H, 3.68; N, 3.10. MS: m/z = 763.3 ([M � PF6]

+),
309.2 ([M � 2PF6]

2+).
X-ray Crystallography. Crystals were obtained by diffusion of

diethyl ether vapor into acetone solutions at room temperature. Data
were collected on anOxford Diffraction XCalibur 2 X-ray diffractometer
by using Mo Kα radiation (λ = 0.71073 Å). The data were processed by
using the Oxford Diffraction CrysAlis RED22 software package, and the
structures solved by direct methods by using SIR-9723a or SIR-200423b

viaWinGX24 or SHELXS-97.25 Refinement was achieved by full-matrix
least-squares on all Fo

2 data using SHELXL-97.26 With the exception of
[6][PF6]2, all non-hydrogen atoms were refined anisotropically, and

Table 1. Crystallographic Data and Refinement Details for the Salts [3][PF6]2 3 2Me2CO, [4b][PF6]4 3 4Me2CO,
[5][PF6]2 3 3Me2CO, and [6][PF6]2

[3][PF6]2 3 2Me2CO [4b][PF6]4 3 4Me2CO [5][PF6]2 3 3Me2CO [6][PF6]2

formula C31H36F12FeN2O2P2 C64H76F24Fe2N4O4P4 C45H50F12Fe2N2O3P2 C37H34F12Fe2N2P2
M 814.41 1656.87 1068.51 908.30

cryst syst monoclinic triclinic monoclinic orthorhombic

space group P21/c P1 C2/c Aba2

a/Å 19.543(2) 9.535(1) 30.310(4) 17.194(1)

b/Å 9.079(6) 13.158(1) 9.506(1) 20.923(2)

c/Å 20.569(2) 15.330(1) 17.093(1) 9.694(1)

α/deg 90 78.561(8) 90 90

β/deg 111.99(1) 72.432(9) 109.318(3) 90

γ/deg 90 73.010(8) 90 90

U/Å3 3384.2(4) 1740.8(3) 4647.5(7) 3487.5(5)

Z 4 1 4 4

T/K 100(2) 100(2) 100(2) 100(2)

μ/mm�1 0.640 0.623 0.784 1.021

cryst size/mm 0.30 � 0.12 � 0.04 0.20 � 0.08 � 0.04 0.30 � 0.18 � 0.10 0.15 � 0.08 � 0.02

cryst descript dark green plate dark green block dark green lath dark green lath

no. of reflns collected 11 633 5432 11 078 3033

no. of indep reflns (Rint) 5974 (0.0585) 2726 (0.0802) 4031 (0.0574) 1168 (0.1240)

θmax/deg (completeness) 25.03 (99.8%) 18.85 (99.6%) 25.04 (98.1%) 18.00 (99.4%)

reflections with I > 2σ(I) 3276 1400 2516 772

goodness-of-fit on F2 0.816 1.270 1.080 0.910

final R1, wR2 [I > 2σ(I)] 0.0433, 0.0795 0.0507, 0.0898 0.0864, 0.1851 0.0542, 0.1149

(all data) 0.0901, 0.0862 0.1177, 0.1009 0.1367, 0.2097 0.0828, 0.1216

peak and hole/eÅ�3 0.552, �0.364 0.374, �0.296 1.224, �0.672 0.392, �0.309
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hydrogen atoms were included in idealized positions by using the riding
model, with thermal parameters of 1.2 times those of aromatic parent
carbon atoms and 1.5 times those of methyl parent carbons. For [6]-
[PF6]2 the quantity of data was very low, so only Fe, P, and F atoms were
refined anisotropically: multiple attempts were made to grow crystals,
but the data set presented is the best that could be obtained. All other
calculations were carried out by using the SHELXTL package.27 Crystal-
lographic data and refinement details are presented in Table 1. The
asymmetric units have the following compositions: for [3][PF6]2 3
2Me2CO, one dication, both acetone molecules, and two PF6

� anions
shared between three crystallographically independent positions
(occupancies 1, 0.5, 0.5); for [4b][PF6]4 3 4Me2CO, half a [4b]

4+ cation,
two PF6

� anions, and two acetone molecules; for [5][PF6]2 3 3Me2CO,
half a dication, one disordered PF6

� anion, and one disordered and one
50% occupied acetone molecule; for [6][PF6]2 half a dication and one
PF6

� anion.
Hyper-Rayleigh Scattering. Details of the hyper-Rayleigh scat-

tering (HRS) experiment have been discussed elsewhere,28 and the
experimental procedure used was as previously described.29 β values
were determined by using the electric-field-induced second-harmonic-
generation β1064 for p-nitroaniline (25.9� 10�30 esu in acetone)30 as an
external reference. All measurements were performed by using the
1064 nm fundamental of an injection-seeded, Q-switched Nd:YAG laser
(Quanta-Ray GCR-5, 8 ns pulses, 7 mJ, 10 Hz). Dilute acetone solutions
(10�5�10�6 M) were used to ensure a linear dependence of I2ω/Iω

2 on
solute concentration, precluding the need for Lambert�Beer correc-
tion factors. Samples were filtered (Millipore, 0.45 μm), and none
showed any fluorescence. HRS depolarization ratios F31 were deter-
mined at 1064 nm according to a published methodology.32 The
parameter F is the ratio of the intensities of the scattered SH light
polarized parallel and perpendicular to the vertical polarization direc-
tion of the fundamental beam.
Stark Spectroscopy. The Stark apparatus, experimental methods,

and data collection procedure were as previously reported,33 except that
a Xe arc lamp was used as the light source in place of a W filament bulb.
Butyronitrile was used as the glassing medium, for which the local field
correction fint is estimated as 1.33,33 and the Stark spectrum for each
compound was measured at least twice. Satisfactory fits of the Stark data
for the salts [3][PF6]2 and [4][PF6]2 were obtained by using the ob-
served absorption spectra, but for [5][PF6]2 and [6][PF6]2 these spectra
were modeled with a sum of three Gaussian curves that reproduce the
data and separate the peaks. The first and second derivatives of the
Gaussian curves were then used to fit the Stark spectra with Liptay’s
equation.34 The dipole-moment change Δμ12 = μe � μg (where μe and
μg are the respective excited- and ground-state dipole moments, asso-
ciated with each of the optical transitions considered in the fit) was then
calculated from the coefficient of the second-derivative component.
While the Gaussian fitting functions may not necessarily have physical

meaning in themselves (in terms of accurately representing individual
electronic transitions), they are essential in order to allow the derivation
of Stark data. Note that analyses of the combined data for the complete
ICT bands are shown here and in other studies5h,19b,19c,35 to afford
physically sensible results and trends.

A two-state analysis of the ICT transitions gives

Δμab
2 ¼ Δμ12

2 þ 4μ12
2 ð1Þ

where Δμab is the dipole-moment change between the diabatic states
and Δμ12 is the observed (adiabatic) dipole-moment change. The value
of μ12 can be determined from the oscillator strength fos of the transition
by

jμ12j ¼
fos

1:08� 10�5Emax

� �1=2

ð2Þ

where Emax is the energy of the ICT maximum (in wavenumbers) and
μ12 is in eÅ. The latter is converted intoDebye units uponmultiplying by
4.803. The degree of delocalization cb

2 and electronic coupling matrix
element Hab for the diabatic states are given by

cb
2 ¼ 1

2
1� Δμ12

2

Δμ12
2 þ 4μ122

 !1=2
2
4

3
5 ð3Þ

jHabj ¼
�����Emaxðμ12Þ

Δμab

����� ð4Þ

If the hyperpolarizability tensor β0 has only nonzero elements along the
CT direction, then this quantity is given by

β0 ¼ 3Δμ12ðμ12Þ2
ðEmaxÞ2

ð5Þ

A relative error of(20% is estimated for the β0 values derived from the
Stark data and using eq 5, while experimental errors of (10% are
estimated for μ12, Δμ12, and Δμab, (15% for Hab, and (50% for cb

2.
Note that the(20% uncertainty for theβ0 values is merely statistical and
does not account for any errors introduced by two-state extrapolation.

’RESULTS AND DISCUSSION

Syntheses and Characterization. The structures of 2,20-
bipyridyl precursors 1 and 2 and their diquaternized derivatives
3�6 are shown in Figure 1. Compounds 1 and 2 are obtained by
reacting 4-[(diethoxyphosphinyl)methyl]-40-methyl-2,20-bipyri-
dyl or 4,40-bis[(diethoxyphosphinyl)methyl]-2,20-bipyridyl, res-
pectively, with ferrocenecarboxaldehyde and potassium tert-
butoxide in THF. This Wadsworth�Emmons-type approach

Figure 1. Chemical structures of the Fc DQ2+ chromophores and their precursors. Abbreviations: EDQ2+ = ethylene diquat; PDQ2+ = propylene
diquat. All of the measurements were made by using PF6

� salts.
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produces the desired precursors in high yields (ca. 80%) with
minimal need for purification. 1 and 2 have been prepared
previously by treating 4,40-dimethyl-2,20-bipyridyl with lithium
diisopropylamide, followed by reaction with ferrocenecarbox-
aldehyde and subsequent dehydration in the presence of pyri-
dinium 4-toluenesulfonate.36

To effect diquaternization, 1 and 2 are treated with two
equivalents of 1,2-bis(triflyloxy)ethane or 1,3-bis(triflyloxy)propane
at room temperature, following our own precedent.37 While re-
actions of 1 to produce the monosubstituted (MS) chromo-
phores 3 and 4 proceed effectively in DCM, the poor solubility of
the disubstituted (DS) precursor 2 in this solvent necessitates the
use of chloroform for the syntheses of 5 and 6. The chromo-
phores are purified via anion metathesis to their PF6

� salts,
followed by reprecipitation from acetone with diethyl ether. The
dark green solids are isolated in yields in the range ca. 50�75%.
All of the new compounds give clean 1H NMR spectra (see
below) and satisfactory CHN elemental analyses and +electro-
spray mass spectra.

1H NMR Spectroscopy. The complex salts [3�6][PF6]2 give
diagnostic 1H NMR spectra, the MS and DS chromophores
being readily distinguished by the relative intensities of the Fc
signals, the presence or absence of a methyl signal, and the num-
ber of signals for the C5H3N rings. TheDS species give only three
C5H3N signals, while the less symmetricMS compounds give six,
of which some are overlapped. As well as showing different
numbers of 1H NMR signals for their CH2 protons, the aromatic
regions for the EDQ2+ chromophores 3 and 5 differ significantly
from those of their PDQ2+ analogues 4 and 6. Representative
spectra for the DS compounds [5][PF6]2 and [6][PF6]2 are
shown in Figure 2. The finely split doublet signal associated with
the protons located adjacent to the bridge between the two
pyridyl rings (Hc) shifts from δ = 9.01 pm in [5][PF6]2 to δ =
8.64 ppm in [6][PF6]2. These signals show similar differences in
purely organic DQ2+ derivatives,19b,c attributable to weaker de-
shielding in the more twisted and less strongly electron-with-
drawing PDQ2+ units.
The 1H NMR spectra of [3�6][PF6]2 also show evidence for

rotamers. The PDQ2+ derivatives [4/6][PF6]2 in (CD3)2CO at
293 K show three, rather than the expected two, C5H4 signals,
since the downfield one splits into two at δ = 4.84 and 4.81

ppm for [4][PF6]2 and δ = 4.89�4.86 and 4.84�4.82 ppm for
[6][PF6]2. On warming a (CD3)2CO solution of [4][PF6]2 to
313 K, these two downfield signals begin to merge. Although not
observed in CD3CN at 293 K, splitting of the downfield C5H4

signal is also observed in the spectra of [4/6][PF6]2 in CD3CN at
233 K (Figure 3a). These observations are consistent with steri-
cally restricted rotation around a C�C5H4 bond.

38 The solvent
dependence (to our knowledge unreported in Fc species)
suggests that the rotational barrier is low and that the bulkier,
less polar acetone is more able than acetonitrile to impede
molecular motions and/or less able to screen attractive inter-
actions between the FeII center and the cationic π-system.
Such interactions are known to cause restricted rotation in Fc
organocations.38b,g

In addition, well-resolved spectra of the MS compounds [3/
4][PF6]2 in both (CD3)2CO and CD3CN reveal small secondary
vinyl CH doublets, Fc signals, and DQ2+ signals. These integrate
to ca. 20% of the total for the chemical environments concerned.
Comparison of the total integrals with those for other proton
environments indicates that the extra signals do not result from
impurities, and coupling constants of ca. 15 Hz show that the E-
stereochemistry of the double bonds is retained. These obser-
vations suggest slow exchange between favored and disfavored
rotational conformers. Upon cooling [3][PF6]2 to 233 K in
(CD3)2CO, some of the minor signals recombine with the major
signals and others become slightly weaker as the disfavored
conformation becomes less accessible (Figure 3b). Substantial
broadening of the signals (from ca. 0.015 to 0.03�0.05 ppm)
seems to prevent observation of these minor resonances in the
DS compounds.

Figure 2. Aromatic regions of the 1H NMR spectra of the salts
[5][PF6]2 and [6][PF6]2 recorded at 400 MHz in (CD3)2CO at 293 K.
The arrow indicates the largest shift observed for one of the C5H3N
signals.

Figure 3. Variable-temperature 1H NMR spectra showing evidence for
rotamers in (a) [4][PF6]2 in CD3CN (arrows indicate the splitting of
the downfield C5H4 protons into two signals); (b) [3][PF6]2 in
(CD3)2CO (arrows indicate minor vinyl and C5H4 signals).
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X-ray Crystallography.We have obtained single-crystal X-ray
structures for the salts [3][PF6]2 3 2Me2CO, [5][PF6]2 3 3Me2CO,
and [6][PF6]2; representations of the complex cations are shown
in Figures 4 and 5. Additional structures of [5][PF6]2 3 3MeCN
and [6][PF6][OTf] are included in the Supporting Information.
The salt [3][PF6]2 3 2Me2CO gives the highest quality repro-

ducible structure obtained in this study (Figure 4a), with un-
remarkable bond distances and angles (Supporting Information,
Table S1). The dihedral angle between the pyridyl rings of the
EDQ2+ unit (py/py, ca. 19.3�) is within the range for published
structures (15�24�),39 and there is a slight twist of ca. 3.4� be-
tween the C5H4 and vinyl-linked pyridyl rings (C5H4/py). The
geometric parameters of [5][PF6]2 3 3Me2CO (Figure 4b) are
largely comparable to those in its MS counterpart, but the vinyl
distance (C11�C12) is considerably shorter (1.227(11), cf.
1.336(4) Å in [3][PF6]2 3 2Me2CO), and disorder in the Fc
moiety gives a greater range (and lower precision) of Fe�Cbond
distances (1.87(4)�2.14(3) Å). Note that in the structure of
[5][PF6]2 3 3MeCN (Supporting Information, Figure S1 and
Table S2), which is poorer quality overall than that of [5][PF6]2 3
3Me2CO but lacks disorder, the vinyl distances are much closer
to those in [3][PF6]2 3 2Me2CO. In [5][PF6]2 3 3Me2CO, the
py/py and C5H4/py dihedral angles are ca. 24.7� and 8.3�, res-
pectively, both larger than in [3][PF6]2 3 2Me2CO. The extended
structures are centrosymmetric due to antiparallel alignment of
adjacent layers of cations in [3][PF6]2 3 2Me2CO and chains of
cations in [5][PF6]2 3 3Me2CO.
The salt [6][PF6]2 crystallizes in the noncentrosymmetric

space group Aba2. A perfectly polar packing of the chromophore
dipoles (Figure 5) means that this material is expected to show
bulk quadraticNLObehavior, as also found for a 4-(dimethylamino)-
phenyl-substituted PDQ2+ derivative.19b Furthermore, the rela-
tively high symmetry structure of [6][PF6]2 (orthorhombic)
should facilitate crystal growth, including the production of
single-crystalline thin films for potential applications in inte-
grated optics.40 The absence of any included solvent in this parti-
cular material is an additional feature that improves its prospects
for device purposes. The molecular structure of [6]2+ is generally
similar to that of [5]2+, except for a much larger py/py
dihedral angle (ca. 54.2�) due to the extended diquaternizing
bridge; this is in the range found in other PDQ2+ structures.19b,c

The C5H4/py dihedral angle in [6][PF6]2 (ca. 17.0�) is also
larger than that in [5][PF6]2 3 3Me2CO.
Attempted crystallization of [4][PF6]2 from acetone/diethyl

ether led to a low-resolution (1.1 Å) structure showing that the
[4]2+ cations unexpectedly dimerize, producing [4b]4+ (Figure 6)
in low yield. This process involves a Michael reaction between
the methyl and vinyl groups. In the novel macrocycle, two PDQ2+

Figure 4. Representations of the molecular structures of the complex cations in (a) [3][PF6]2 3 2Me2CO (50% probability ellipsoids) and (b)
[5][PF6]2 3 3Me2CO (30% probability ellipsoids). Anions, solvent molecules, and disorder (in b) are omitted for clarity.

Figure 5. (a) Representation of the molecular structure of the cation in
[6][PF6]2 (50% probability ellipsoids). (b) Packing in [6][PF6]2 viewed
along the crystallographic a axis. Alternate rows of dications are red and
blue, PF6

� anions are green, and H atoms are omitted.
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units are connected by two saturated, Fc-substituted C3 linkers
(C�C distances 1.60(1) and 1.51(1) Å). The overall centrosym-
metric solid-state structure of [4b][PF6]4 3 4Me2CO is based on a
diastereomeric [4b]4+ cation, with opposing helical twists of the
two PDQ2+ units, as seen in the N(1)�C(14)�C(5)�N(2)
(clockwise) and N(1A)�C(14A)�C(5A)�N(2A) (anticlock-
wise) torsions. Further details concerning this material can be
found in the Supporting Information. The +ESI mass spectrum
shows a peak at m/z = 567 with an isotope pattern perfectly
matching ([4b][PF6]2)

2+ (Figure S3), while the 1H NMR
spectrum indicates a symmetric DQ2+ environment without
methyl or vinyl protons. The CH2 protons on C(1)/C(1A) and
C(15)/C(15A) are diastereotopic, and the 1H NMR spec-
trum (at 293 K in (CD3)2CO) shows two complex 4H multi-
plets characteristic of diastereotopic protons, rather than the
simple 8H doublet expected for four chemically and magneti-
cally equivalent CH2 groups. In addition, the UV�vis spec-
trum (Figure S4) lacks an intense, low-energy MLCT band
characteristic of the conjugated chromophores 1�4. Unlike

recently reported nonracemic diquats containing eight-membered
rings,41 [4b]4+ appears to be conformationally flexible at room
temperature.
Electronic Spectroscopy. The UV�vis absorption spectra of

the complex salts [3�6][PF6]2 have been recorded in acetoni-
trile; the results are summarized in Table 2 and also depicted in
Figure 7. Although the compounds do show some degree of in-
stability in acetonitrile, this solvent was used because it provides
the widest spectroscopic window.
Each compound shows a broad, visible band with λmax in the

range ca. 610�660 nm and two bands in the UV region with λmax
values in the ranges ca. 390�410 and 290�310 nm. According to
previous studies,18 the low-energy bands are assigned as MLCT
in character, while the UV bands are due to πf π* transitions,
with the most intense one having significant ILCT character. For
comparison, the neutral precursor compounds 1 and 2 both
show MLCT bands at λmax = 470 nm in acetonitrile, together
with three UV bands (λmax = 376, 310/316 and 252/255 nm).36

Diquaternization hence causes marked spectral changes, with the
MLCT energy decreasing by as much as ca. 0.8 eV due to the dra-
matic enhancement of the electron-accepting ability of the 2,
20-bipyridyl unit.
All three absorptions of [3�6][PF6]2 show blue shifts on

changing from an EDQ2+ derivative to its PDQ2+ counterpart

Figure 6. Representation of the molecular structure of the cation in
[4b][PF6]4 3 4Me2CO, with the anions and solvent molecules omitted
for clarity (50% probability ellipsoids).

Table 2. UV�Vis Absorption and Electrochemical Data for Salts [3�6][PF6]2 in Acetonitrilea

E, V vs Ag�AgCl (ΔEp, mV)
b

dication λmax, nm
a (ε, 103 M�1 cm�1) Emax (eV) assignment E1/2[Fe

III/II] E1/2, reductions

3 648 (6.75) 1.91 MLCT 0.63 (90) �0.42 (85)

406 (22.4) 3.05 ILCT �0.83 (90)

306 (20.7) 4.05 π f π*

4 617 (7.45) 2.01 MLCT 0.63 (80) �0.58 (80)

395 (25.1) 3.14 ILCT �0.89 (90)

286 (19.7) 4.34 π f π*

5 658 (11.6) 1.88 MLCT 0.64 (95) �0.38 (90)

400 (38.9) 3.10 ILCT �0.76 (85)

311 (26.7) 3.99 π f π*

6 610 (12.5) 2.03 MLCT 0.63 (85) �0.56 (70)

391 (39.5) 3.17 ILCT �0.82 (75)

293 (18.9) 4.23 π f π*
a Solutions ca. (2�3)� 10�5 M. b Solutions ca. 10�3 M in analyte and 0.1 M in [NBun4]PF6 at a 2 mm disk glassy carbon working electrode with a scan
rate of 200 mV s�1. Ferrocene internal reference E1/2 = 0.46 V, ΔEp = 70�90 mV.

Figure 7. UV�vis absorption spectra of [3][PF6]2 (blue), [4][PF6]2
(gold), [5][PF6]2 (red), and [6][PF6]2 (green) at 293 K in acetonitrile.
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(Figure 7). The MLCT and ILCT band energies increase by
0.07�0.15 eV, while Emax for the highest energy band is more
strongly affected, increasing by 0.29 eV (3f 4) or 0.24 eV (5f 6).
These blue shifts are consistent with the weaker accepting
strength of PDQ2+ when compared with EDQ2+ and reflect
the behavior of purely organic DQ2+ derivatives.19b,c The molar
extinction coefficients (ε) are not greatly affected by this struc-
tural change. Upon changing from a MS to the related DS chro-
mophore, the intensities of the MLCT and ILCT bands increase
substantially, while the highest energy band shows inconsistent
behavior. The band energies show small accompanying changes,
but no clear trend.
Acetone was chosen as the solvent for HRS measurements

(see below) because the new chromophores show higher stability
in this medium than in acetonitrile. As shown in the Supporting
Information (Figure S5 and Table S3), the absorption spectra are
largely independent of the solvent, but the π f π* bands at ca.
300 nm are obscured by the narrower solvent window of acetone.
Electrochemistry.We have investigated salts [3�6][PF6]2 by

using cyclic voltammetry in acetonitrile, and the results are
presented in Table 2. A representative cyclic voltammogram of
[3][PF6]2 is shown in Figure 8.
Each compound shows a reversible FeIII/II oxidation process

with E1/2 = ca. 0.63 V vs Ag�AgCl and two reversible waves
associated with reductions of the DQ2+ units with E1/2 in the
range �0.38 to �0.89 V vs Ag�AgCl (Table 2). These FeIII/II

waves are shifted anodically by ca. 80 mV when compared with
the precursors 1 and 2,36 due to the increased electron-with-
drawing influence of the 2,20-bipyridyl unit on diquaternization.
The presence of three, well-resolved redox couples means that
these Fc diquats have a total of four accessible oxidation states;
these can be expected to possess strongly variable optical absorp-
tion and NLO properties. While E1/2[Fe

III/II] is essentially con-
stant for all four complexes, the peak currents are larger for the
DS compounds when compared with their MS analogues be-
cause the waves correspond with two-electron processes in the
former. The observation of only one FeIII/II wave for the DS
species shows that the two Fc units are not significantly coupled
electronically. As observed in purely organic DQ2+ derivatives,19b,c

the two reduction processes are cathodically shifted on moving
from an EDQ2+ derivative to its PDQ2+ analogue. The first wave
shifts by 160�180 mV, while smaller shifts of �60 mV are ob-
served for the second one. These changes arise from the weaker
electron-accepting ability of PDQ2+ with respect to EDQ2+

(see above). Changing from a MS compound to its DS counter-
part causes the potentials for the reductive processes to increase
by 20�40 mV (first wave) and 70 mV (second wave); the
increased size of the π-systems allows more effective delocalization
of the additional charge(s) and therefore facilitates reduction.
Hyper-Rayleigh Scattering. The β values of salts [3�6]-

[PF6]2 were measured in acetone solutions by using the HRS
technique28,29 with a 1064 nm Nd3+:YAG laser, and the results
are shown in Table 3. The hyperpolarizability data shown are
orientationally averaged (ÆβHRS2 æ)1/2 values derived from the
total HRS intensity, regardless of molecular symmetry. Due to
the proximity of the absorption band(s) to the second-harmonic
wavelength (532 nm), all of theβ values are enhanced by resonance.
Comparing the (ÆβHRS2 æ)1/2 values for the EDQ2+ derivatives 3

and 5 shows a significant increase on moving from the MS
chromophore to its DS counterpart. However, the values for the
PDQ2+ species 4 and 6 are not significantly different. In addition,
no clear trend relating to the EDQ2+ vs PDQ2+ comparison is
evident.
Due to their nonlinear molecular shapes, the β responses of

3�6 are expected to possess 2D character. Therefore, we have
also measured HRS depolarization ratios F, and these are
included in Table 3. As expected, the F values are generally
somewhat lower than that of 3.5 obtained for the dipolar re-
ference compound 4-nitroaniline. A C2v symmetric molecule
under Kleinman symmetry has only two significant components
of the β tensor, βzzz and βzyy, which can be determined from
averaged ÆβHRS2 æ and F as follows:

Æβ2HRSæ ¼ Æβ2ZZZæ þ Æβ2YZZæ

F ¼ Æβ2ZZZæ
Æβ2YZZæ

8>><
>>: ð6Þ

The HRS intensities with parallel polarization for fundamental
and SH wavelengths, ÆβZZZ2 æ, and for perpendicular polarization,
ÆβYZZ2 æ, are given in terms of the molecular tensor components
βzzz and βzyy according to

Æβ2ZZZæ ¼
1
7
β2zzz þ 6

35
βzzzβzyy þ 9

35
β2zyy

Æβ2YZZæ ¼
1
35
β2zzz �

2
105

βzzzβzyy þ 11
105

β2zyy

8>><
>>: ð7Þ

and F can be expressed in terms of the parameter k = βzyy/βzzz by

F ¼ 15 þ 18k þ 27k2

3� 2k þ 11k2
ð8Þ

The values of βzzz and βzyy derived by using eqs 6�8
are shown in Table 3. In all cases, βzyy is dominant. However,
it is worth noting that the results of F measurements can be
misleading, due to resonance effects and Kleinman symmetry
breaking.8g,42 Therefore, the quoted values of βzzz and βzyy for
our new Fc chromophores may be questionable, but the 2D
nature of their β responses is clear.
Stark Spectroscopy. The salts [3�6][PF6]2 have been

studied by using Stark spectroscopy in butyronitrile glasses at
77 K, and the results are presented in Table 4. For the MS
compounds, the observed data were fitted directly, but Gaussian
fitting of the absorption spectra with three curves for each of the
MLCT and ILCT bands was necessary to successfully model the
Stark data for theDS compounds. RepresentativeMLCT absorp-
tion and electroabsorption spectra for the salts [3][PF6]2,

Figure 8. Cyclic voltammograms for the salt [3][PF6]2 recorded at 200
mV s�1 in acetonitrile with a glassy carbon working electrode. The arrow
indicates the direction of the initial scan.
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Table 3. HRS Data and Depolarization Ratios for Salts [3�6][PF6]2 in Acetone

dication (ÆβHRS2 æ)1/2,a (10�30 esu) Fb k βzzz,
c (10�30 esu) βzyy,

c (10�30 esu)

3 80 ( 10 2.1 ( 0.4 >10 13 ( 2 130 ( 20

4 100 ( 15 2.5 ( 0.3 10 16 ( 3 160 ( 30

5 160 ( 35 2.1 ( 0.4 >10 26 ( 8 260 ( 75

6 90 ( 55 2.8 ( 0.8 3.3 42 ( 26 140 ( 80
aTotal molecular HRS response without any assumption of symmetry or contributing tensor elements, measured in acetone by using a 1064 nm
Nd3+:YAG laser. The quoted cgs units (esu) can be converted into SI units (C3 m3 J�2) by dividing by a factor of 2.693� 1020. bDepolarization ratio.
cHyperpolarizability tensor components derived from the HRS intensity and depolarization ratio measurements by using eqs 6�8.

Table 4. ICT Absorption and Stark Spectroscopic Data for Salts [3�6][PF6]2

dication νmax
a λmax

a Emax
a fos

b μ12
c Δμ12

d Δμab
e r12

f rab
g cb

2h Hab
i β0

j Σβ0

(cm�1) (nm) (eV) (D) (D) (D) (Å) (Å) (103 cm�1) (10�30 esu) (10�30 esu)

3 15970 626 1.98 0.12 3.9 17.5 19.1 3.6 4.0 0.05 3.2 77 131

25003 400 3.10 0.35 5.5 15.0 18.6 3.1 3.9 0.10 7.3 54

4 16776 596 2.08 0.12 4.0 15.6 17.5 3.2 3.6 0.06 3.8 65 121

25810 387 3.20 0.44 6.0 12.9 17.6 2.7 3.7 0.14 8.8 56

5 14640 (15808) 687 (633) 1.82 (1.96) 0.04 2.3 21.2 21.7 4.4 4.5 0.01 1.6 41 (122) 206

15994 628 1.98 0.09 3.5 16.8 18.3 3.5 3.8 0.04 3.1 62

17391 575 2.16 0.04 2.1 18.6 19.0 3.9 4.0 0.01 1.9 19

23138 (25164) 432 (397) 2.87 (3.12) 0.04 2.0 16.1 16.6 3.4 3.5 0.01 2.8 9 (84)

24305 411 3.01 0.14 3.5 17.3 18.7 3.6 3.9 0.04 4.6 28

25764 388 3.19 0.30 5.0 16.3 19.2 3.4 4.0 0.07 6.7 47

6 15446 (16696) 647 (599) 1.92 (2.07) 0.02 1.8 20.7 20.9 4.3 4.4 0.01 1.3 20 (98) 179

16495 606 2.05 0.09 3.5 14.9 16.4 3.1 3.4 0.05 3.5 49

17839 561 2.21 0.07 3.9 14.6 15.6 3.0 3.3 0.03 3.3 29

24175 (25809) 414 (387) 2.99 (3.20) 0.07 2.6 10.8 11.9 2.3 2.5 0.04 5.1 9 (81)

25194 397 3.12 0.12 3.4 13.7 15.1 2.9 3.1 0.04 5.2 17

26466 378 3.28 0.45 6.1 13.7 18.2 2.9 3.8 0.12 8.7 55
a In butyronitrile at 77 K; observed absorption maxima, maxima for Gaussian fitting functions for [5][PF6]2 and [6][PF6]2 in parentheses. Data in all
subsequent columns relate to fitted curves if used. b For [3][PF6]2 and [4][PF6]2, obtained from (4.32 � 10�9 M cm2)A where A is the numerically
integrated area under the absorption peak; for [5][PF6]2 and [6][PF6]2, obtained from (4.60 � 10�9 M cm2)εmax � fw1/2 where εmax is the maximal
molar extinction coefficient and fw1/2 is the full width at half-height (in wavenumbers). cCalculated using eq 2. dCalculated from fintΔμ12 using
fint = 1.33. eCalculated from eq 1. fDelocalized electron-transfer distance calculated from Δμ12/e.

g Effective (localized) electron-transfer distance
calculated from Δμab/e.

hCalculated from eq 3. iCalculated from eq 4. jCalculated from eq 5; the separate totals for the MLCT and ILCT bands are
shown in parentheses.

Figure 9. Electronic absorption spectra and calculated fits in theMLCT region for salts [3][PF6]2, [5][PF6]2, and [6][PF6]2 in external electric fields of
5.36, 5.26, and 5.36 � 107 V m�1, respectively. Top panel: absorption spectrum illustrating Gaussian curves used in data fitting for [5][PF6]2 and
[6][PF6]2; bottom panel: electroabsorption spectrum, experimental (blue), and fits (green) according to the Liptay equation.34a
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[5][PF6]2, and [6][PF6]2 are shown in Figure 9, while the other
spectra are included in the Supporting Information (Figures S6
and S7).
The MLCT and ILCT bands of [3�6][PF6]2 show small blue

shifts of 0.03�0.08 eV on moving from acetonitrile solutions to
butyronitrile glasses (Tables 2 and 4), mirroring the behavior of
related purely organic species.19 The Emax trends observed at
room temperature are also found at 77 K, i.e. increases on
replacing EDQ2+ with PDQ2+, and little or no difference between
the related MS and DS species. The band intensities at 77 K
(i.e., fos and μ12, using total values for the DS compounds)
are similar for the related EDQ2+/PDQ2+ pairs, but switching
from a MS dication to its DS counterpart markedly increases
fos and μ12. These trends correspond with those noted for the ε
values at room temperature (see above).
Using averaged values for the DS compounds, the quantities

Δμ12, Δμab, r12, and rab always decrease a little on moving from
an EDQ2+ chromophore to its PDQ2+ analogue, but show no
clear trends on changing from a MS dication to its DS counter-
part. In almost all cases, the ILCT bands have smaller Δμ12,
Δμab, r12, and rab values when compared with their accompany-
ing MLCT bands. This behavior is consistent with the assigned
characters of the two types of transition, since greater distances
are involved in the MLCT excitations, as noted by Barlow et al.
and us previously.10h,18 The ILCT bands always have somewhat
larger values of fos, μ12, cb

2, and Hab when compared with the
MLCT bands; these trends reflect the lower degree of π-orbital
overlap and mixing inherent in the latter type of transition. The
magnitudes of cb

2 and Hab decrease on moving from a MS chro-
mophore to its DS analogue and (albeit often only slightly) on
swapping PDQ2+ for EDQ2+.
Given that the absorptions arise from ICT transitions, we have

used the standard two-state model approach43 (i.e., eq 5, cor-
responding with the so-called B or perturbation series con-
vention)44 to estimate β0 values from the Stark data. The results
are included in Table 4, and the total β0 responses associated
with the three fitted Gaussian components for each of the ICT
bands are also quoted for [5][PF6]2 and [6][PF6]2. Related
studies have shown that using this approach usually affords
overall β0 values similar to those obtained without using spectral
deconvolution.35 It should be noted that β0 values cannot be
derived from HRS data due to the presence of two contributing
ICT bands in Fc-based chromophores, and no other direct
experimental method for determining such responses exists.
Therefore, Stark measurements provide a useful means to assess
the intrinsic NLO responses of our newmolecules. Although it is
clear that these species are not simple two-state systems as a
whole, the Stark-based approach allows them to be broken down
into component electronic excitation processes that can be viewed
as having two-state nature. This indirect analytical method in-
cludes the important benefit of completely avoiding complications
due to resonance effects and, despite being only an approximation,
has been shown previously to afford useful results with both 1D Fc
derivatives18 and purely organic DQ2+ derivatives.19

Two trends emerge from the estimated β0 values. The first and
most obvious is that moving from a MS chromophore to its DS
analogue is associated with substantial (ca. 50%) increases in the
quadratic NLO responses; this is mainly attributable to the larger
μ12 values for the DS chromophores (see above). Second, the
β0 values for the EDQ

2+ chromophores appear to be a little larger
than those of their PDQ2+ analogues, but the differences
are probably not significant. All of these observations are

consistent with our previous studies on purely organic diquats.19

The absence of a consistent correlation between the Stark-derived
β0 values and the HRS data (Table 3) may imply that the
(ÆβHRS2 æ)1/2 value determined for [6][PF6]2 is unexpectedly low,
although repeated measurements with different samples of this
compound gave similar results. However, given the fundamen-
tally different nature of the Stark and HRS techniques and the
type of chromophores studied, it is not necessarily surprising that
the data do not correlate fully.

’CONCLUSION

We have synthesized a family of new DQ2+-based NLO chro-
mophores containing one or two Fc π-ED groups. Their visible
absorption spectra feature intense ILCT and MLCT bands that
blue shift on extending the diquaternizing bridge (EDQ2+ f
PDQ2+). Cyclic voltammograms show two reversible DQ2+-
based reductions, together with reversible FeIII/II oxidations,
meaning that these species have a total of four accessible
oxidation states. Single-crystal X-ray structures have been deter-
mined for three PF6

� salts (one in two different solvated forms)
and one mixed PF6

�/OTf� salt. Notably, compound [6][PF6]2
adopts a polar packing arrangement that is expected to lead to
bulk NLO activity. Attempted crystallization of [4][PF6]2 af-
forded an unexpected cyclic dimeric complex tetracation that has
been characterized crystallographically. This species is formed via
a Michael reaction between the methyl and vinyl groups. HRS
studies with a 1064 nm laser show relatively large β responses,
with depolarization measurements revealing dominant “off-diag-
onal” βzyy tensor components. Stark spectroscopy affords esti-
mated β0 values that are similar for the EDQ2+/PDQ2+ pairs, but
increase by ca. 50% on increasing the number of Fc-vinyl groups
from one to two. The new chromophores reported are therefore
interesting examples of species with large quadratic NLO re-
sponses that are potentially redox-switchable over multiple states
by exploiting transition metal and purely organic DQ2+ moieties.
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