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Sixnewdicationic 2Dnonlinearoptical (NLO) chromophoreswithpyrazinyl-pyridiniumelectronacceptors
have been synthesized by nucleophilic substitutions of 2,6-dichloropyrazine with pyridyl derivatives. These
compounds have been characterized as their PF6

- salts by using various techniques including electronic
absorption spectroscopy and cyclic voltammetry. Large red shifts in the intense, π f π* intramolecular
charge-transfer (ICT) transitions on replacing -OMe with -NMe2 substituents arise from the stronger
π-electron donor ability of the latter. Each compound shows a number of redox processes which are largely
irreversible. Single crystal X-ray structures have been determined for five salts, including two nitrates, all of
which adopt centrosymmetric packing arrangements. Molecular first hyperpolarizabilities β have been
determined by using femtosecond hyper-Rayleigh scattering at 880 and 800 nm, and depolarization studies
show that the NLO responses of the symmetric species are strongly 2D, with dominant “off-diagonal” βzyy
components. Stark (electroabsorption) spectroscopic measurements on the ICT bands afford estimated
static first hyperpolarizabilities β0. The directly and indirectly derived β values are large, and the Stark-
derived β0 response for one of the new salts is several times greater than that determined for (E)-
40-(dimethylamino)-N-methyl-4-stilbazolium hexafluorophosphate. These Stark spectroscopic studies also
permit quantitative comparisons with related 2D, binuclear RuII ammine complex salts.

Introduction

Quaternized pyridine derivatives have attracted interest for
many years and from various perspectives, including potential
applications in electronic/optical devices.1Pyridiniumspecies are
readily synthesized, highly stable, and often combine intense
visible absorptions (hence dye-like behavior) with reversible

electrochemistry. Notable examples of recent reports involving
such compounds include studies of aggregation-induced emis-
sion,2 excited-state inclusion into zeolite channels,3multielectron
redox,4 ferroelectric organic-inorganic hybrid materials,5 and
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fluorescent probes for imaging of DNA in vivo.6 Another
important field that has proven very fruitful for exploitation of
pyridinium salts is that of nonlinear optical (NLO) properties,
relevant to applications ranging from advanced telecommunica-
tions to biological imaging.7 In this context, particular attention
has been paid to compounds such as (E)-40-(dimethylamino)-N-
methyl-4-stilbazolium tosylate (DAST)8 and similar materials.9

DAST crystals are now commercially available for THz wave
generation via nonlinear frequency mixing,10 useful for applica-
tions such as security scanning, biomedical analysis, and space
communications.11

There are two major classes of molecular NLO effects. Qua-
dratic (second-order) behavior originates from the first hyperpo-
larizability β that can lead to the susceptibility χ(2) in bulk
materials. In order for both β and χ(2) to have nonzero values,
the structure must lack centrosymmetry at the molecular and
macroscopic levels. Second harmonic generation (SHG) and the
linear electro-optic effect are the most commonly studied qua-
dratic NLO phenomena. Cubic (third-order) behavior arises
from the second hyperpolarizability γ, and its bulk counterpart,
χ(3), has nonzero values for any symmetry. Because this study in-
volves measurements of only quadratic NLO effects, the remain-
der of this introduction concerns such properties exclusively.

Molecules that have largeβ values typically containπ-electron
donor (π-ED) and acceptor (π-EA) groups linked via a
polarizable π-system. In compounds such as DAST, a pyridi-
nium ring acts as theπ-EA.Theβ response is a third rank tensor
that can possess a number of nonzero components. While the
most heavily studied NLO molecules are simple 1D dipoles,
multidimensional species such as 2D dipoles and 2D or 3D
octupoles are also of great interest.12,13 Chromophores of the
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latter types may offer significant potential advantages over 1D
species, including enhanced NLO responses, without compro-
mising visible transparency. In V-shaped molecules, the pre-
sence of more than one significant component of β can prevent
reabsorption of SHG that is polarized perpendicular to the
direction of the π f π* intramolecular charge-transfer (ICT)
transition dipole moment (μ12); phase-matching between the
fundamental and harmonic waves may also be facilitated.12a

Although current knowledge of pyridinium-based NLO
compounds is very extensive, the vastmajority of thesemateri-
als contain methyl or alkyl quaternizing substituents.We have
studied previously salts of chromophores containing N-aryl-
pyridinium groups,14 the enhanced electron accepting strength
ofwhich substantially increases static first hyperpolarizabilities
β0 when compared with more traditional N-alkylpyridinium
compounds. Furthermore, SHGmeasurements on large single
crystals of the salt (E)-40-(dimethylamino)-N-phenyl-4-stilba-
zolium hexafluorophosphate afford a huge diagonal NLO
susceptibility of d111 ≈ 290 pm V-1 at 1907 nm (cf., DAST
gives d111 ≈ 210 pm V-1).15 Given that the N-(2-pyrimidyl)-
pyridinium substituent is especially strongly electron-with-
drawing, related species containing isomeric pyrazinyl groups
are attractive. The precursor 2,6-dichloropyrazine has already
been reactedwith4,40-bipyridyl to create a ligand for copper(II)
ions,16 and provides an ideal foundation for the construction of
2Dpyridiniumchromophores.Herewedescribe a series of such
newmolecules that showpromising quadraticNLOproperties.
Some relatedD3h symmetric octupolar chromophores basedon

a 1,3,5-triazine core with stilbazolium substituents have been
reported previously.17

Results and Discussion

Synthetic Studies. Six new chromophoric dications (Figure 1)
have been synthesized via nucleophilic substitutions with 2,6-
dichloropyrazine. 2, 3, 5, and 6 were prepared by heating this
precursorwith 2 equiv of the appropriate 4-substituted pyridine
in DMF at 120 �C, for up to 20 h. Purification was achieved
by metathesis of the crude Cl- salt to its PF6

- counterpart,
followed by reprecipitation from acetone/diethyl ether. Much
lower yields (ca. 10%) are obtained for 3 and 6 than for 2 and 5
(up to 48%), perhaps because their ethenylene unitsmake 3 and
6 vulnerable to decomposition under the relatively harsh reac-
tion conditions used.

The asymmetric dications 1 and 4 were isolated as their
PF6

- salts in yields of ca. 20% by reacting 2,6-dichloropyr-
azine with mixtures of 4,40-bipyridyl (4,40-bpy) and the appro-
priate pyridine derivative. Because (E)-4-(4-methoxystyryl)-
pyridine and (E)-4-(4-dimethylaminostyryl)pyridine are
stronger nucleophiles than 4,40-bpy, 1.5-2 equiv of the latter
were used to favor formation of the target compounds. None-
theless, substantial quantities of the bis-OMe or bis-NMe2
products were still observed, with little or no formation of the
bis-(4,40-bpy) derivative. Using larger excesses of 4,40-bpy did
not give good results, presumably due to undesirable side
reactions, while attempts to prepare monosubstituted deriva-
tives from 2,6-dichloropyrazine yielded only the chromophores
2 and 5, attributable to activation of the second chloride toward
nucleophilic substitution by the presence of a nearby positive
charge. The resulting product mixtures were separated by col-
umn chromatography on silica gel, elutingwith aqueousKNO3

in acetonitrile. This approach also allowed isolation of 1, 2,
and 5 as their NO3

- salts, leading to the crystal structures
of [1][NO3]2 and [5][NO3]2 (see below). However, it was not
possible to access pure [4][NO3]2 by thismethodbecause its high
aqueous solubility precludes separation from the KNO3 in the
eluent. The identities and purities of the new compounds are
confirmed by especially diagnostic 1H NMR spectra together
with 13CNMR spectra, ESIþ-MS, and elemental analyses. The
latter indicate that most of the PF6

- salts retain small quantities
ofacetone, as confirmedby1HNMRspectroscopy.Ontheother
hand, elemental analysesare consistentwithhydrationof the two

FIGURE 1. Chemical structures of the pyrazine derivatives prepared. Except for some of the X-ray crystal structure determinations, all of the
measurements were made with PF6

- salts.
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NO3
- salts. This observation is in keepingwith the crystal struc-

tures of [1][NO3]2, and is also verified by TGA studies.
NMRSpectroscopy Studies.The chemical shifts andmulti-

plicities for the aromatic protons are summarized in Table 1,
their assignments being supported by 1H COSY experiments
with [1][PF6]2 and [3][PF6]2. Representative

1H NMR spectra
for [1][PF6]2 and [4][PF6]2 are shown in Figure 2. As expected,
replacing a-NMe2 groupwith theweakerπ-ED-OMecauses
downfield shifts (Figure2): up to ca. 0.3ppmfor thepyridyl (py)
and phenyl proton signals, and up to ca. 0.15 ppm for the
pyrazine (pyz) signals. The 4,40-bpy signals show little change in
moving from [1][PF6]2 to [4][PF6]2, indicating that electronic
communication across the pyz ring is ratherweak.Net shielding
effects due to the mildly electron-donating ethenylene units,
evidenced by upfield shifts in the range 0.03-0.48 ppm, are also
observed on moving from 2 to 3 or from 5 to 6.

While the 13C NMR spectra are not quite as informative as
their 1H counterparts, they do provide further confirmation of
the expectedmolecular structures. For the two asymmetric chro-
mophores in [1/4][PF6]2, the total number of signals observed
correspondswith the expected 18.The increased symmetry of the
other species affords either 10 (for [2/5][PF6]2) or 12 C environ-
ments (for [3/6][PF6]2); all of the measured spectra agree with

predictions, except for that of [3][PF6]2, which shows 11 resolved
signals, presumably due to some coincidental overlap. In addi-
tion, the downfield shifts of the aryl/ethenylene signals evident in
the 1Hspectracausedbyreplacing-NMe2with-OMearegene-
rally also observed in the 13C spectra. For the pairs [1/4][PF6]2
and [2/5][PF6]2, the largest downfield shift (ca. 7.6-7.7 ppm)
occurs for the signal found to lowest field, while for the pair
[3/6][PF6]2, this signal shifts by only ca. 5.0 ppm. Several other
signals show larger relative shifts of more than 8 ppm. How-
ever, it should also be noted that a few of the signals do show
no significant change or even upfield shifts on replacing-NMe2
with-OMe (as much as ca. 5.7 ppm for one of the signals of
[1/4][PF6]2).

Electronic Spectroscopy Studies. The UV-vis absorption
spectra of salts [1-6][PF6]2 were recorded in acetonitrile
and the results are presented in Table 2. Representative spec-
tra of [2-5][PF6]2 are shown inFigure 3, while the others are
included in the Supporting Information (Figures S1 and S2).
In each case, the spectrum is dominated by a strong ab-
sorption band attributable to ICT transitions, with λmax

values in the range 490-600 nm for the -NMe2-contain-
ing salts, and 370-450 nm for their -OMe counterparts.
Weaker absorptions due to other πf π* transitions having

TABLE 1. Selected 1H NMR Data for the Salts [1-6][PF6]2
a,b

salt C4H2N2 singlets C5H4N doublets C6H4 doublets

[1][PF6]2 10.02 10.00 10.16 9.57 9.04 8.95 8.57 8.14 8.25 7.02
[2][PF6]2 9.87 9.56 8.56 8.24 7.02
[3][PF6]2 9.83 9.53 8.32-8.26c 7.76 6.89
[4][PF6]2 10.10 10.09 10.13 9.87 9.04 8.95 8.84 8.15 8.34 7.29
[5][PF6]2 10.02 9.85 8.83 8.33 7.29
[6][PF6]2 9.96 9.76 8.55 7.86 7.12

aRecorded at 400MHz in (CD3)2CO; all values are given in ppmwith respect to TMS. bC5H4N andC6H4 signals distinguished by chemical shifts and
coupling constants (ca. 7 Hz for C5H4N and ca. 9 Hz for C6H4), supported by 1H COSY. cSignal overlaps with that for the ethenylene unit.

FIGURE 2. Aromatic regions of the 1H NMR spectra of the salts [1][PF6]2 and [4][PF6]2 (400 MHz in (CD3)2CO at 293 K). The arrows
highlight the large shift in the 4-phenylpyridinium resonances on replacing-NMe2 with-OMe (e.g., environment d), and the contrasting lack
of shifts in the 4,40-bpy resonances (e.g., h, i).
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little or no directionality are also observed at shorter
wavelengths.

The ICT absorptions for the -NMe2 derivatives are mark-
edly red-shifted andmore intense when compared with those of
their-OMe analogues (as shown for [2][PF6]2 and [5][PF6]2 in
Figure 3). These differences are attributable to the stronger
π-ED ability and more effective π-orbital overlap of the amino
group. The decreases inEmax are ca. 0.7-0.8 eV, and the accom-
panying increases in εare ca. 30-50%.Replacinga4,40-bpyunit
with an π-ED-substituted biaryl fragment (1 f 2 or 4 f 5,
Figure3) alsodecreasesEmaxbyca.0.1 eVand increases εbyover
50%. These enhanced intensities show that the overall extent of
π-orbital overlap is greater when two π-ED groups are present,
and this effect may also be responsible for the accompanying
small red shifts observed. Inserting ethenylene units (2 f 3 or
5f 6, Figure 3) decreases the ICT Emax by ca. 0.3-0.4 eV, but
does not affect the band intensity significantly.

Electrochemical Studies. The salts [1-6][PF6]2 have been
investigated by using cyclic voltammetry in acetonitrile, and the

results are presented inTable 2. Representative voltammograms
of [1][PF6]2 are shown in Figure 4. Although the related 2,6-
bis(4-(pyridin-4-yl)pyridinium-1-yl)pyrazine dication has been
describedas showing twoquasi-reversible reductions,16 this term
is actually inappropriate because the reverse waves are poorly
defined. The new compounds show relatively complicated and
generally irreversible electrochemical behavior, which is often
influenced by the scan history and can vary between different
analytically pure samples.

The -NMe2 derivatives all show irreversible processes
that can be ascribed to oxidations of the electron-rich
fragments, with relatively weak return waves evident for
some samples of [1][PF6]2 (Figure 4) and [2][PF6]2. Oxida-
tion leads to the appearance of new waves to lower
potentials, attributable to the products of EC reactions.
In the case of [1][PF6]2, a second oxidation peak may also
be detected at ca. 1.37 V. The Epa values for initial
oxidation of [1][PF6]2 and [2][PF6]2 are essentially identi-
cal, but the significantly lower value for [3][PF6]2 is con-
sistent with the presence of electron-rich ethenylene units
acting to destabilize the HOMO.

Two irreversible reductive processes are observed for all of
these compounds, with some samples of [1][PF6]2 showing a
returnwave that appears tobe associatedwith the first reduction
(Figure 4). For the 4,40-bpy-containing [1][PF6]2 and [4][PF6]2,
the Epc values for initial reduction are identical, but the second
reduction peak for [4][PF6]2 is anodically shifted by 100 mV
when compared with that of [1][PF6]2. This observation is
consistent with the less electron-rich -OMe derivative being
more readily reduced, i.e. relative stabilization of the LUMO in
[4][PF6]2. For the symmetric chromophores, the Epc values
increase by 50-90mVon replacing-NMe2with-OMe.How-
ever, given the accompanying increases in the ICT Emax values,
evidently the relative stabilization of the HOMO in the -OMe
derivatives greatly outweighs that of the LUMO. The addition
of ethenylene units (2f 3 or 5f 6) also increases theEpc values
by 80-150mV; the systemsbecomemore readily reduceddue to

TABLE 2. UV-Vis Absorption and Electrochemical Data for Salts

[1-6][PF6]2 in Acetonitrilea

E, V vs Ag-AgClb

salt

λmax, nm

(ε, 103M-1 cm-1)a
Emax

(eV) assignment

Epa,

oxidations

Epc,

reductions

[1][PF6]2 493 (53.7) 2.52 ICT 1.37 -0.32c

260 (25.5) 4.77 π f π* 1.24d -0.78

[2][PF6]2 515 (82.1) 2.41 ICT 1.23d -0.60

263 (19.1) 4.71 π f π* -0.77

[3][PF6]2 592 (82.9) 2.09 ICT 0.96 -0.52

334 (17.7) 3.71 π f π* -0.62

280 (14.8) 4.43 π f π*
[4][PF6]2 378 (36.2) 3.28 ICT -0.32

261 (20.6) 4.75 π f π* -0.68

[5][PF6]2 393 (57.1) 3.16 ICT -0.51

270 (22.9) 4.59 π f π* -0.71

[6][PF6]2 450 (63.1) 2.76 ICT -0.43

293 (17.6)e 4.23 π f π* -0.57

270 (17.8)e 4.59 π f π*
aSolutions ca. 2-3� 10-5M. bSolutions ca. 10-3Minanalyte and0.1M

in [N(C4H9-n)4]PF6 at a 2 mm disk glassy carbon working electrode with a
scan rate of 200mV s-1. Ferrocene internal referenceE1/2=0.44V,ΔEp=
70-90mV. cA returnwave at ca.-0.2 V is also observed for some samples.
dA returnwave at ca. 1.15V is also observed for some samples. eAbsorption
is a poorly defined shoulder.

FIGURE 3. Electronic absorption spectraof [2][PF6]2 (green), [3][PF6]2
(red), [4][PF6]2 (orange), and [5][PF6]2 (blue) in acetonitrile at 293 K.

FIGURE 4. Cyclic voltammograms of [1][PF6]2 (200 mV s-1 in ace-
tonitrile, glassy carbon working electrode). The single-headed arrow
indicates the initial directionof the scans.The red trace starts from0.2V,
and shows clearly an EC product wave, together with return peaks (/)
for both the first oxidation and first reduction process. The other traces
start from-0.1Vandwereobtainedwithadifferent sample.Theorange
trace shows no EC product waves, while the blue trace shows these
appearing after oxidative scanning, and the second oxidation peak (§).
The green trace shows both the first and second reduction peaks.
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increased delocalization of the added electrons. Therefore, the
decreases in the ICT energy gap on moving from 2 to 3 or from
5 to6 canbeattributed tobothdestabilizationof theHOMOand
stabilization of the LUMO. Replacing a 4,40-bpy group with a
π-ED-substituted biaryl unit (1f 2 or 4f 5) decreases the first
Epc value, since adding electrons becomes more difficult when
the systems are more electron-rich.

X-ray Crystallographic Studies. X-ray crystal structures
have been obtained for salts of all the new dications, except for
[4]2þ. Several of the samples were small and weakly diffracting,
but the data confirm the molecular structures and packing
arrangements. Thermal ellipsoid plots of the five cations are
shown in Figure 5.

In all cases, the C-NMe2 or C-OMe distance is rather
short for a formal single bond, ranging from 1.34(1) Å in
[2][PF6]2 to 1.370(8) Å in [5][NO3]2 3 2MeCN, due to strong
interactions between the lone pairs on theπ-EDgroup and the
phenyl ring. The extent of twisting in the dications is generally
substantial (Table 3). Notably, the pyz rings show small
departures from planarity in all of the -NMe2-substituted
species. It is likely that crystal packing effects, rather than
electronic differences are responsible for the observed twists.

Unfortunately, all of the salts crystallize centrosymmetrically,
precluding bulk quadratic NLO activity. An absence of
included solvent(s), observed here for only [2][PF6]2, would
also be desirable for any materials-related applications. De-
spite being somewhat different at the molecular level, the salts
[5][NO3]2 3 2MeCNand [6][PF6]2 3MeCNbothadopt the space
group Pnma, with similar conformations and nearly identical
packing arrangements (Figure 6).

In the -NMe2-containing salts [2][PF6]2 and [3][PF6]2 3
2Me2CO, centrosymmetric packing results from interspersed,
directionally opposed lines of chromophoric dications running
parallel/antiparallel to the crystallographic c-axis in [2][PF6]2
or the b-axis in [3][PF6]2 3 2Me2CO. In [1][NO3]2 3 2.5H2O,
the ability of the free pyridylN to acceptH-bonds fromwater
influences the extended structure. This pyridyl group con-
nects [1]2þ dications into anH-bonded network consisting of
two formula units, i.e. two dications, four nitrate anions, and
five water molecules (Figure 7); the overall structure is built
by packing this motif. The H-bond distances lie in the range
2.521(4)-2.889(4) Å.

Hyper-Rayleigh Scattering Studies. The β values of salts
[1-6][PF6]2 have been measured in acetonitrile solutions by

FIGURE 5. Representations of themolecular structures of the dications in the salts [1][NO3]2 3 2.5H2O (a), [2][PF6]2 (b), [3][PF6]2 3 2Me2CO (c),
[5][NO3]2 3 2MeCN (d), and [6][PF6]2 3MeCN (e) (50% probability ellipsoids).

TABLE 3. Twist Angles (deg) for the Salts [1][NO3]2 3 2.5H2O, [2][PF6]2, [3][PF6]2 3 2Me2CO, [5][NO3]2 3 2MeCN, and [6][PF6]2 3MeCN

salt py/pyza py/Pha py/pya ethenylene/pyb ethenylene/Phb intrapyzc

[1][NO3]2 3 2.5H2O 28.5, 34.1 11.4 18.3 3.0
[2][PF6]2 17.5, 20.8 14.6, 16.1 5.0
[3][PF6]2 3 2Me2CO 14.9 9.5 0.7 7.6 2.1
[5][NO3]2 3 2MeCN 35.7 0.5 0.7
[6][PF6]2 3MeCN 32.6 5.7 3.5 1.4 0.4

aDihedral angle between the planes of the adjacent aryl rings (two values for lower symmetry structures). bTorsion angle between the ethenylene unit
and the attached py or phenyl ring. cTwist angle between the two C-N-C subunits of the pyz ring. ESDs=((0.1-0.4)� for inter-ring and ethenylene/
ring twists, ((0.2-0.9)� for intra-pyz twists.
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using theHRS technique18,19 with a Ti3þ:sapphire laser and the
results are shown inTable 4.All of the compoundswere studied
by using a fundamental wavelength of 800 nm, and data were
also obtained for the relatively high-energy absorbers [4][PF6]2
and [5][PF6]2 by using 880 nm. However, salt [6][PF6]2 was
not studied at the latter wavelength because its ICT max-
imum is very close to the second harmonic (SH) wavelength
of 440 nm (Table 2). The hyperpolarizability data shown are
orientationally averaged ÆβHRS

2æ1/2 values derived from the
total HRS intensity, regardless of molecular symmetry.
Because all of the new compounds show only a single

low-energy ICT band, we have used the two-state model20

and the λmax values (Table 2) to derive estimated β0 values;
the results are included in Table 4.

The new chromophores, especially the symmetric ones, are
not simple two-state systems, so the estimated β0 values
should be treated cautiously. Nevertheless, the -NMe2
derivatives [1-3][PF6]2 do show a clear trend of increasing
β0 as the number of π-ED groups increases from 1 to 2 and
also when inserting an ethenylene linkage; this is consistent
with expectations based on the ICT energies (Table 2).While
the β0 values obtained with the 800 nm laser for two of the
-OMe derivatives are strongly underestimated due to reso-
nance, the data obtained with a 880 nm laser do show a small
increase in β0 on moving from [4][PF6]2 to [5][PF6]2.

Given their V-shaped molecular structures, the β res-
ponses of the dications 2, 3, 4, and 6 are expected to be
substantially 2D.AC2v symmetric molecule has five nonzero
components of the β tensor, βzzz, βzyy, βzxx, βyyz, and βxxz.

FIGURE 6. Crystal packing diagrams for (a) [5][NO3]2 3 2MeCNand (b) [6][PF6]2 3MeCNviewed along the crystallographic c-axis. For clarity,
directionally opposed lines of dications are colored red and blue, counteranions green, and acetonitrile molecules light gray.

FIGURE 7. H-bonded dimer formed by two formula units of [1][NO3]2 3 2.5H2O. Carbon is gray; N, blue; O, red; H, omitted; H-bonds
represented as green dotted lines. The central water molecule is disordered over two 50% occupied, symmetry equivalent positions.

(18) (a) Clays, K.; Persoons, A. Phys. Rev. Lett. 1991, 66, 2980–2983.
(b) Clays, K.; Persoons, A. Rev. Sci. Instrum. 1992, 63, 3285–3289.
(c)Hendrickx, E.; Clays, K.; Persoons, A.Acc. Chem.Res. 1998, 31, 675–683.

(19) (a) Olbrechts, G.; Strobbe, R.; Clays, K.; Persoons, A. Rev. Sci.
Instrum. 1998, 69, 2233–2241. (b) Olbrechts, G.; Wostyn, K.; Clays, K.;
Persoons, A. Opt. Lett. 1999, 24, 403–405. (c) Clays, K.; Wostyn, K.;
Olbrechts, G.; Persoons, A.; Watanabe, A.; Nogi, K.; Duan, X.-M.; Okada,
S.; Oikawa, H.; Nakanishi, H.; Vogel, H.; Beljonne, D.; Br�edas, J.-L. J. Opt.
Soc. Am. B 2000, 17, 256–265. (d) Franz, E.; Harper, E. C.; Coe, B. J.;
Zahradnik, P.; Clays, K.; Asselberghs, I. Proc. SPIE-Int. Soc. Opt. Eng.
2008, 6999, 699923-1–699923-11.

(20) (a) Oudar, J. L.; Chemla, D. S. J. Chem. Phys. 1977, 66, 2664–2668.
(b) Oudar, J. L. J. Chem. Phys. 1977, 67, 446–457.
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Assuming Kleinman symmetry, βzyy= βyyz and βzxx= βxxz,
and if the structure is essentially 2D, then βzxx= βxxz=0, so
only βzzz and βzyy are significant. In order to derive “off-
diagonal” tensor components, we have measured HRS de-
polarization ratios F for salts [1-6][PF6]2 and these are included
in Table 4. The parameter F is the ratio of the intensities of the
scattered SH light polarized parallel and perpendicular to the
polarization direction of the fundamental beam.21 A F value of 5
is the upper limit for purely dipolar symmetry, corresponding
with a single tensor componentβzzz, under ideal experimental
conditions. The octupolar reference compound crystal
violet gives a much lower F value of 1.5.

The values of βzzz and βzyy can be determined from ÆβHRS
2æ

and F as follows:

ÆβHRS
2æ ¼ ÆβZZZ

2æþ ÆβYZZ
2æ

F ¼ ÆβZZZ
2æ

ÆβYZZ
2æ

8><
>: ð1Þ

The HRS intensities with parallel polarization for funda-
mental and SH wavelengths, ÆβZZZ2æ, and for perpendicular
polarization, ÆβYZZ2æ, are given in terms of the molecular
tensor components βzzz and βzyy according to

ÆβZZZ
2æ ¼ 1

7
βzzz

2 þ 6

35
βzzzβzyy þ

9

35
βzyy

2

ÆβYZZ
2æ ¼ 1

35
βzzz

2 -
2

105
βzzzβzyy þ

11

105
βzyy

2

8><
>: ð2Þ

andF canbe expressed in termsof theparameterk=βzyy/βzzzby

F ¼ 15þ 18kþ 27k2

3- 2kþ 11k2
ð3Þ

The F values determined by using a 800 nm laser decrease
onmoving from [1][PF6]2 to [2][PF6]2, but are indistinguishable
for [2][PF6]2 and [3][PF6]2. These observations are consistent
with the more strongly 2D nature of the symmetric chromo-
phores. In attempts to study the-OMe-containing compounds
at 800 nm, very low concentrations were used in order to avoid
reabsorption of the SH light. Under such conditions, the con-
tribution of the solvent dominates over that of the solute, giving
overestimated and meaningless F values. The F values deter-
mined at a fundamental wavelength of 880 nm appear to
decrease on moving from [4][PF6]2 to [5][PF6]2, but the differ-
ence is within the experimental errors.

For the asymmetric compounds, [1][PF6]2 and [4][PF6]2, the
relatively high F values indicate that the βzzz tensor components
dominate, soonly theseare reported.Fromanelectronic/optical
viewpoint, the dications 1 and 4 hence behave as essentially 1D
dipoles, although they do still of course possess markedly
2D molecular structures. For the symmetric species, values of
βzzz and βzyy have been derived by using eqs 1-3 (Table 4).22 In
all cases, βzyy is dominant, as predicted by finite-field density
functional theory (FF-DFT) calculations on V-shaped ruthe-
nium complexes and disubstituted diquat derivatives.23 How-
ever, it should be noted that Fmeasurements can give misleadi-
ng results, due to resonance effects and Kleinman symmetry
breaking.12h,24 Therefore, the quoted values of βzzz and βzyy for
our new pyrazinyl species may be debatable, but the 2D nature
of their β responses is not in doubt.

Stark Spectroscopic Studies. The salts [1-6][PF6]2 have
been studied by using Stark spectroscopy25,26 in butyronitrile
glasses at 77 K and the results are presented in Table 5. Repre-
sentative absorption and electroabsorption spectra are shown in
Figure 8. For [1][PF6]2 and [4][PF6]2, the single visible absorp-
tion bands were fitted satisfactorily. However, Gaussian-fitting
of the absorption spectra with three curves was required
to successfully model the Stark data for the other com-
pounds, due to the presence of clear shoulders to high energy
of the absorptionmaxima.Wehave previously noted similar,
but even more pronounced, changes in ICT spectra on moving
fromsolutions at roomtemperature to frozenglasses containing

TABLE 4. HRS Data and Depolarization Ratios for Salts [1-6][PF6]2 in Acetonitrile

800 nm laser 880 nm laser

(10-30 esu) (10-30 esu) (10-30 esu) (10-30 esu)

salt ÆβHRS
2æ1/2 a β0

b Fc k βzzz
d βzyy

d ÆβHRS
2æ1/2 a β0

b Fc k βzzz
d βzyy

d

[1][PF6]2 126( 13 40( 4 3.7( 0.6 300( 31
[2][PF6]2 265( 15 102 ( 6 2.4( 0.4 10 43( 6 430( 60
[3][PF6]2 340( 25 183( 13 2.2 ( 0.3 10 55( 8 550( 80
[4][PF6]2 290( 30 (24( 2)e 425( 15 90( 3 3.2( 0.5 1020( 150
[5][PF6]2 550( 55 (14( 1)e 650( 30 105( 4 2.6( 0.4 10 105( 15 1050( 150
[6][PF6]2 570( 60 103( 11

aOrientationally averaged β without any assumption of symmetry or contributing tensor elements, measured by using an 800 or 880 nm 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. bStatic first hyperpolarizability estimated from
ÆβHRS

2æ1/2 via the two-state model.20 cDepolarization ratio. dβ tensor components derived from the HRS intensity and depolarization ratio
measurements by using eqs 1-3. eUnderestimated due to proximity of ICT maximum to the SH wavelength at 400 nm.

(21) Heesink, G. J. T.; Ruiter, A. G. T.; vanHulst, N. F.; B€olger, B.Phys.
Rev. Lett. 1993, 71, 999–1002.

(22) It should be noted that eq 3 gives two solutions for k. However,
because FF-DFT calculations on V-shaped ruthenium complexes and di-
substituted diquat derivatives always predict dominance of βzyy over βzzz (see
ref 23), we have chosen to use the positive k values that afford results
consistent with these theoretical methods. In cases where eq 3 produces a
solution of magnitude greater than 9, a value of 10 is used as an estimated
upper limit for k; this approach stems from the nature of the mathematical
relationship between k and F (see ref 41b).

(23) (a) Coe, B. J.; Harris, J. A.; Jones, L. A.; Brunschwig, B. S.; Song, K.;
Clays, K.; Garı́n, J.; Orduna, J.; Coles, S. J.; Hursthouse,M. B. J. Am. Chem.
Soc. 2005, 127, 4845–4859. (b) Coe, B. J.; Foxon, S. P.; Harper, E. C.;
Helliwell, M.; Raftery, J.; Swanson, C. A.; Brunschwig, B. S.; Clays, K.;
Franz, E.; Garı́n, J.; Orduna, J.; Horton, P. N.; Hursthouse, M. B. J. Am.
Chem. Soc. 2010, 132, 1706–1723. (c) Coe, B. J.; Fielden, J.; Foxon, S. P.;
Harris, J. A.; Helliwell, M.; Brunschwig, B. S.; Asselberghs, I.; Clays, K.;
Garı́n, J.; Orduna, J. J. Am. Chem. Soc. 2010, 132, 10498–10512.

(24) Kaatz, P.; Shelton, D. P. J. Chem. Phys. 1996, 105, 3918–3929.
(25) (a) Shin, Y. K.; Brunschwig, B. S.; Creutz, C.; Sutin, N. J. Phys.

Chem. 1996, 100, 8157–8169. (b) Coe, B. J.; Harris, J. A.; Brunschwig, B. S.
J. Phys. Chem. A 2002, 106, 897–905.

(26) (a) Liptay, W. In Excited States,; Lim, E. C., Ed.; Academic Press:
New York, 1974; Vol. 1, pp 129-229. (b) Bublitz, G. U.; Boxer, S. G. Annu.
Rev. Phys. Chem. 1997, 48, 213–242. (c) Vance, F. W.; Williams, R. D.;
Hupp, J. T. Int. Rev. Phys. Chem. 1998, 17, 307–329. (d) Brunschwig, B. S.;
Creutz, C.; Sutin, N. Coord. Chem. Rev. 1998, 177, 61–79.
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3-methylbenzothiazolium chromophores.27 Such behavior may
be attributable to the resolution of vibrational structure and/or
electronically distinct ICT transitions at low temperatures.

The ICTbands of [1-6][PF6]2 show small red shifts onmov-
ing fromacetonitrile solutions tobutyronitrile glasses (Tables 2
and 5). The corresponding decreases in Emax lie in the range
0.02-0.13 eV, and are larger for the-OMe-substituted chro-
mophores than for their -NMe2 analogues. The Emax trends
observed at room temperature are also found at 77 K, i.e.
decreases on addition of ethylene bridges and increases on
replacing -NMe2 with -OMe. The trends in the band
intensities at 77K (i.e., fos and μ12) generally agree with those
already noted for ε at room temperature (see above), but are
more clearly apparent. When analyzing these data in cases
involving spectral deconvolution, the total values are used.
Replacing -NMe2 with -OMe always decreases fos and μ12,
while steady and substantial increases in both of these param-
eters occuronmovingalong the series 1f 2f 3and4f 5f 6.
The total increases in fos and μ12 between the extremes are
approximately 3-fold within both of these series.

Taking averaged values for the symmetric species, the
quantities Δμ12, Δμab, r12, and rab all show small decreases
on replacing a 4,40-bpy unit with an electron-donating frag-
ment, but then increase somewhat on inserting ethenylene
units. These trends are logical because these parameters relate
directly to the chromophore length andπ-ED-EAseparation.
For example, on moving from 2 to 1, the overall distance over
which the ICT process occurs should increase because the
terminal pyridyl unit is weakly electron accepting. The other
trend observed in these data is that replacing -NMe2 with
-OMe always decreases Δμ12, Δμab, r12, and rab.

When analyzing the Hab and cb
2 data in cases involving

spectral deconvolution, averages are used. The values of Hab

(the electronic coupling matrix element for the diabatic states)
areall relatively large, indicating substantialπ-couplingbetween
the ED andEA groups.Hab appears to be larger for the-OMe
derivatives when compared with their -NMe2 counterparts,
but the differences may not be significant. The parameter cb

2

reflects the extent ofmixing between the diabatic states; this can
reach a maximum possible value of 0.5, corresponding with
essentially completedelocalizationof theorbitals involved in the
electronic excitation. The cb

2 values for [1-6][PF6]2 lie in the
range 0.11-0.16, indicating relatively limited delocalization and
consistent with the description of the low-energy absorption
bands as having substantial directionality, i.e. ICT character.
Thenear constancyof cb

2 shows that the extentof delocalization
varies little among these chromophores.

Given that all of the visible absorptions are due to ICT
excitations, even when using deconvolution, each component
involves a ground and single excited state. Hence, the standard
two-state model20 (i.e., eq 8; see the Experimental Section) can
be used to estimate β0 values from the Stark data. The results
are included in Table 5, and the sum totals of the β0 responses
associated with the three fitted Gaussian components are also
quoted for the symmetric species.Wehave shownpreviously that
using this approach typically gives totalβ0 values similar to those
obtained without spectral deconvolution.14f,23b The validity of
applying such an additive two-state approach to multidimen-
sional systems has been discussed in detail previously.23c

Two clear trends are evident in the estimated β0 values. First,
β0 increases onmovingalong the series1f 2f 3and4f 5f 6.
Enhancements of ca. 4-fold are observed onmoving from 1 to 3
and from 4 to 6. These increases arise from a combination of
decreasing Emax and increasing μ12 and Δμ12 (Table 5). The
smaller increases inβ0 onmoving from 1 to 2 and from 4 to 5 are
attributable to small decreases inEmax and increases in μ12, with
counterbalancing decreases inΔμ12. The second trend is that the
β0 values of the -NMe2-substituted species are ca. 3-4-fold
larger than those of their -OMe analogues. This effect largely
results fromthe substantial accompanyingdecreases inEmax, but

TABLE 5. ICT Absorption and Stark Spectroscopic Data for the Salts [1-6][PF6]2, [7]PF6, [8]PF6, [9][PF6]6, and [10][PF6]6

salt
νmax

a

(cm-1)
λmax

a

(nm)
Emax

a

(eV) fos
b

μ12
c

(D)
Δμ12

d

(D)
Δμab

e

(D)
r12

f

(Å)
rab

g

(Å) cb
2 h

Hab
i

(103 cm-1)
β0

j

(10-30 esu)
Σ[ β0]

k

(10-30 esu)

[1][PF6]2 19599 510 2.43 0.69 8.6 15.7 23.4 3.3 4.9 0.16 7.3 232
[2][PF6]2 19180 (19029) 521 (526) 2.38 (2.36) 0.40 6.7 10.3 16.9 2.2 3.5 0.19 7.5 97 296

(19800) (505) (2.45) 0.21 4.7 18.0 20.4 3.8 4.2 0.06 4.6 77
(20756) (482) (2.57) 0.55 7.5 12.3 19.4 2.6 4.0 0.18 8.1 122

[3][PF6]2 16672 (16526) 600 (605) 2.07 (2.05) 0.56 8.5 11.7 20.6 2.4 4.3 0.22 6.8 234 903
(17138) (584) (2.12) 0.21 5.1 21.5 23.7 4.5 4.9 0.05 3.6 142
(17855) (560) (2.21) 0.95 10.6 19.6 28.9 4.1 6.0 0.16 6.5 527

[4][PF6]2 25406 394 3.15 0.44 6.1 14.0 18.5 2.9 3.9 0.12 8.3 61
[5][PF6]2 24885 (24642) 402 (406) 3.08 (3.06) 0.28 4.9 10.5 14.4 2.2 3.0 0.13 8.4 32 104

(25393) (394) (3.15) 0.25 4.5 11.1 14.4 2.3 3.0 0.11 8.1 27
(26618) (376) (3.30) 0.48 6.2 10.9 16.5 2.3 3.4 0.17 10.0 45

[6][PF6]2 21393 (21275) 467 (470) 2.66 (2.64) 0.32 5.7 13.0 17.2 2.7 3.6 0.12 7.0 70 268
(22389) (447) (2.78) 0.44 6.4 15.7 20.3 3.3 4.2 0.11 7.1 99
(23729) (421) (2.94) 0.51 6.8 16.1 21.0 3.3 4.4 0.12 7.7 99

[7]PF6
l 20325 492 2.52 0.88 9.6 12.4 22.9 2.6 4.8 0.23 8.5 212

[8]PF6
l 17762 563 2.20 0.76 9.5 14.5 23.9 3.0 5.0 0.20 7.1 318

[9][PF6]6
m 12663 790 1.57 0.51 9.3 16.3 24.7 3.4 5.2 0.17 4.8 662

[10][PF6]6
m 13469 742 1.67 0.63 10.0 19.4 27.9 4.0 5.8 0.15 4.8 816

aIn butyronitrile at 77 K; observed absorption maxima, maxima for Gaussian fitting functions for [2][PF6]2, [3][PF6]2, [5][PF6]2 and [6][PF6]2 in
brackets. Data in all subsequent columns relate to fitted curves if used. bFor [1][PF6]2, [4][PF6]2, [7]PF6, [8]PF6, [9][PF6]6 and [10][PF6]6, obtained from (4.32�
10-9M cm2)AwhereA is the numerically integrated area under the absorption peak; for [2][PF6]2, [3][PF6]2, [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 from eq 5.
dCalculated from fintΔμ12 using fint=1.33. eCalculated from eq 4. fDelocalized electron-transfer distance calculated fromΔμ12/e.

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

hCalculated from eq 6. iCalculated from eq 7. jCalculated from eq 8. kSum of the individual β0 values (when using
deconvolution). lData taken from ref 14c. mData taken from ref 28.

(27) Coe, B. J.; Harris, J. A.; Hall, J. J.; Brunschwig, B. S.; Hung, S.-T.;
Libaers, W.; Clays, K.; Coles, S. J.; Horton, P. N.; Light, M. E.; Hursthouse,
M. B.; Garı́n, J.; Orduna, J. Chem. Mater. 2006, 18, 5907–5918.
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small increases in μ12 andΔμ12 also play some role. The total β0
response of [3][PF6]2 is very large (ca. 900 � 10-30 esu) and
considerably greater than that we obtained for [DAS]PF6 by
using the same approach previously (236 � 10-30 esu).14c

Given their structural similarities, comparisons with pre-
viously studied pseudolinear N-(2-pyrimidyl)pyridinium chro-
mophores 7 and 8,14c and also the dinuclear ruthenium(II)
ammine complexes 9 and 10 (Figure 9)28 are of interest. The
complicating,highlyvariable effectsof resonance inHRSstudies
mean that more useful comparisons are made by using the
data obtained via Stark and associatedmeasurements; those for
[7]PF6, [8]PF6, [9][PF6]6, and [10][PF6]6 are hence included in
Table 5. The visible absorption bands for theRuII ammine com-
plex salts have metal-to-ligand charge-transfer character.

While the total β0 value determined for [2]PF6 is somewhat
larger than that for [7]PF6, the increase on moving from [8]PF6

to [3]PF6 is almost 3-fold. These enhanced NLO responses for
thenew2D, pyrazinyl-based species are attributable primarily to
the combined and pronounced effects of decreasing Emax and
increasing μ12, with the accompanying changes in Δμ12 being
only slight (Table 5). The Emax values for the RuII ammine
complex salts [9][PF6]6 and [10][PF6]6 aremuch lower than those
of their purelyorganic counterpartswith the sameπ-conjugation
length, [2][PF6]2 and [5][PF6]2, showing that the pyridyl-coordi-
nated metal centers are stronger π-ED groups when compared

FIGURE 9. Chemical structures ofN-(2-pyrimidyl)pyridinium and
RuII ammine complex chromophores, previously studied as their
PF6

- salts.14c,28

FIGURE 8. Stark spectra and calculated fits in an external electric field of 5.36� 107 Vm-1 for salts [1][PF6]2 and [3-6][PF6]2, and 4.39� 107Vm-1

for [2][PF6]2. Top panels: Absorption spectrum showing Gaussian curves used in data fitting for [2][PF6]2, [3][PF6]2, [5][PF6]2, and [6][PF6]2. Bottom
panels: Electroabsorption spectrum, experimental (blue), and fits (green) according to the Liptay equation.26a

(28) Coe, B. J.; Fielden, J.; Foxon, S. P.; Asselberghs, I.; Clays, K.;
Brunschwig, B. S. Inorg. Chem. 2010, 49, 10718-10726.
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with 4-(dimethylamino)phenyl or (especially) 4-methoxyphenyl
fragments. The RuII-based chromophores show smaller values
of fos and μ12, but larger dipole-moment changes and electron-
transfer distances when compared with [2][PF6]2 and [5][PF6]2
(Table 5). The cb

2 values are similar for all four related com-
pounds, butHab is enhanced in the purely organic species.Most
importantly, theβ0 responses for [9][PF6]6 and [10][PF6]6 are two
or more times larger than that of [2][PF6]2. All of these com-
parative observations are generally in accord with our previous
studies on pseudolinear chromophores,14d,29 although the
differences between the RuII-based and purely organic spe-
cies are more pronounced in the new 2D systems. While the
more highly conjugated chromophore in [3][PF6]2 has an esti-
mated β0 value possibly even larger than that of [10][PF6]6,
the RuII pyridyl ammine analogues of [3][PF6]2 are not yet
available for comparison.

As a final point, it shouldbenoted that it is generally inappro-
priate to attempt to draw any direct comparisons between β0
values determined via HRS and Stark spectroscopic measure-
ments because these two techniques are applied under very
different physical conditions. Further complicating factors,
especially relevant to this study are the importance of resonance
effects in HRS and the 2D nature of the chromophores (see
above). Nonetheless, it is notable that our previous work with
1D RuII complexes shows that using the two-state eq 8 with
Stark data can give excellent quantitative agreement with β0
values derived from HRS experiments with a 1064 nm laser.25b

Conclusions

We have synthesized and characterized the first family of
purely organic NLO chromophores based on pyrazinyl cores.
Their UV-vis absorption spectra are dominated by intense ICT
bands, with only one maximum observed in all cases at room
temperature in acetonitrile. These absorptions show red shifts on
inserting an ethenylene linkage and blue shifts on replacing
-NMe2with-OMeπ-EDgroups.Cyclicvoltammogramsshow
two or more redox processes, with a general lack of reversibility.
Single-crystal X-ray structures have been determined for five
salts, all of which pack centrosymmetrically. HRS studies with
800 or 880 nm laser wavelengths show relatively large β values,
anddepolarizationmeasurementsconfirmthestrongly2Dnature
of theNLO responses for the symmetric compounds, with domi-
nant βzyy tensor components. Stark spectroscopy affords esti-
matedβ0 values and shows that these increasewith thenumberof
π-ED groups and/or extending the π-conjugation, but decrease
on replacing-NMe2with-OMe. The total β0 response derived
for the new salt [3][PF6]2 is several times larger than that
determined for [DAS]PF6 and closely related salts of 1D chro-
mophores via the same indirect analytical approach. Complexes
containing two pyridyl-coordinated RuII ammine π-ED groups
showsubstantially largerβ0 responseswhen comparedwith their
4-(dimethylamino/methoxy)phenyl analogues with the same
π-conjugation length, but [3][PF6]2 is possibly superior to even
these metal-based species due to its extended π-system.

Experimental Section

Materials and Procedures. Acetonitrile was dried over CaH2

and distilled under N2, and dry DMF was purchased in SureSeal
bottles. All other reagents and solvents were used as supplied. The

compounds 4-(4-dimethylaminophenyl)pyridine,30 4-(4-methoxy-
phenyl)pyridine,31 and (E)-4-(4-methoxystyryl)pyridine32 were
synthesized according to previously published methods. All
reactions were carried out under an atmosphere of dry argon.
Products were dried at room temperature overnight in a vacuum
desiccator (CaSO4) prior to characterization.

General Physical Measurements.All 1H and 13C NMR chem-
ical 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. All mass spectra were recorded by using
þelectrospray. Cyclic voltammetric measurements were performed
by using a single-compartment cell with a silver/silver chloride
reference electrode (3MNaCl, saturated AgCl) separated by a salt
bridge from a 2 mm disk glassy carbon working electrode and Pt
wire auxiliary electrode. Solutions containing ca. 10-3 M analyte
and 0.1 M [N(C4H9-n)4]PF6 as the supporting electrolyte were
deaerated by purging with N2. All E1/2 values were calculated from
(Epa þ Epc)/2 at a scan rate of 200 mV s-1.

Synthesis of 2-(4-(4-Dimethylaminophenyl)pyridinium-1-yl)-
6-(4-(pyridin-4-yl)pyridinium-1-yl)pyrazine Hexafluorophosphate,
[1][PF6]2.Amixture of 2,6-dichloropyrazine (75 mg, 0.503 mmol),
4-(4-dimethylaminophenyl)pyridine (75mg, 0.378mmol), and 4,40-
bipyridyl (120mg, 0.768mmol) in dryDMF(0.5mL)washeated at
120 �Cwith stirring for 18h.After cooling to room temperature, the
mixture was washed out of the flask with ethanol (10 mL) and the
crude chloride salts were precipitated by addition of diethyl ether.
This mixture was purified by column chromatography on silica gel,
eluting with 40:9:1-40:9:2 mixtures of acetonitrile/water/saturated
aqueousKNO3.The fractions containing1werecombined, reduced
in volume under vacuum, and recovered by precipitationwith 10%
aqueous NH4PF6. Final reprecipitation from acetone/diethyl ether
yielded a deep red solid that was filtered off, washed with diethyl
ether, and dried: 54 mg, 19%; δH (400 MHz, (CD3)2CO) 10.16
(2 H, d, J= 7.1 Hz, C5H4N), 10.02 (1 H, s, C4H2N2), 10.00 (1 H,
s, C4H2N2), 9.57 (2 H, d, J=7.3 Hz, C5H4N), 9.04 (2 H, d, J=7.1
Hz, C5H4N), 8.95 (2 H, d, J=6.1Hz, C5H4N), 8.57 (2H, d, J=7.6
Hz,C5H4N), 8.25 (2H,d,J=9.3Hz,C6H4), 8.14 (2H,d,J=6.3Hz,
C5H4N), 7.02 (2H, d, J=9.1Hz,C6H4), 3.25 (6H, s, 2Me). δC (100
MHz, (CD3)2SO) 156.6, 156.2, 154.4, 150.99, 150.96, 145.28, 145.25,
143.9, 141.0, 140.5, 140.2, 131.4, 125.6, 122.6, 119.8, 117.9, 112.7, 39.9
(Me, overlapped with solvent signal). Anal. Calcd (%) for C27H24-
F12N6P2 3 0.25Me2CO: C, 45.23; H, 3.49; N, 11.40. Found: C, 45.57;
H, 3.21;N, 11.76.m/z 577.6 ([M-PF6]

þ), 216.3 ([M- 2PF6]
2þ).Mp

210 �C dec. Note: substantial quantities of [2][PF6]2 (40 mg, 26%)
were also obtained from this reaction.

Synthesis of 2,6-Bis(4-(4-dimethylaminophenyl)pyridinium-1-yl)-
pyrazineHexafluorophosphate, [2][PF6]2.Amixtureof 2,6-dichloro-
pyrazine (75 mg, 0.503 mmol) and 4-(4-dimethylaminophenyl)-
pyridine (200 mg, 1.01 mmol) in dry DMF (0.7 mL) was heated at
120 �Cwith stirring for 20h.After cooling to room temperature, the
mixture was washed out of the flask with ethanol (10 mL) and the
crude chloride salt was precipitated by addition of diethyl ether.
This material was filtered off and redissolved in 50:50 methanol/
water, then the product was precipitated by addition of 10%
aqueous NH4PF6. Reprecipitation from acetone/diethyl ether
yielded a deep red solid that was filtered off, washed with diethyl
ether, and dried: 185 mg, 46%; δH (400 MHz, (CD3)2CO) 9.87
(2 H, s, C4H2N2), 9.56 (4 H, d, J= 7.6 Hz, C5H4N), 8.56 (4 H, d,
J=7.6Hz, C5H4N), 8.24 (4H, d, J=9.3Hz, C6H4), 7.02 (4H, d,
J=9.3 Hz, C6H4), 3.25 (12 H, s, 4Me). δC (100MHz, (CD3)2SO)
156.5, 154.3, 145.1, 140.5, 139.3, 131.3, 119.8, 117.9, 112.6, 39.8

(29) Coe, B. J.; Harris, J. A.; Clays, K.; Persoons, A.; Wostyn, K.;
Brunschwig, B. S. Chem. Commun. 2001, 1548–1549.

(30) Vella, S. J.; Tiburcio, J.; Gauld, J. W.; Loeb, S. J. Org. Lett. 2006, 8,
3421–3424.

(31) Kitamura, Y.; Sako, S.; Udzu, T.; Tsutsui, A.; Maegawa, T.;
Monguchi, Y.; Sajiki, H. Chem. Commun. 2007, 5069–5071.

(32) Katritzky, A. R.; Short, D. J.; Boulton, A. J. J. Chem. Soc. 1960,
1516–1518.
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(Me, overlapped with solvent signal). Anal. Calcd (%) for C30H30-
F12N6P2 3 0.6Me2CO: C, 47.78; H, 4.24; N, 10.51. Found: C, 47.97;
H, 4.00; N, 10.49.m/z 619.1 ([M- PF6]

þ), 237.2 ([M- 2PF6]
2þ).

Mp 250 �C dec (orange sublimate observed).
Synthesis of 2-(4-(4-Dimethylaminophenyl)pyridinium-1-yl)-

6-(4-(pyridin-4-yl)pyridinium-1-yl)pyrazine Nitrate, [1][NO3]2,
and 2,6-Bis(4-(4-dimethylaminophenyl)pyridinium-1-yl)pyrazine
Nitrate, [2][NO3]2. These compounds were prepared by using
the procedure described above for [1][PF6]2. After separation by
column chromatography, [1][NO3]2 was recovered by removing
acetonitrile under vacuum, followed by refrigeration. The red-
brown solid was filtered off, washedwith a small amount of cold
water, and dried. [2][NO3]2 was precipitated by the addition of
acetone, filtered off, washed with water, and dried to give a dark
green solid. [1][NO3]2: 32mg, 15%; δH (500MHz, CD3OD) 9.96
(2 H, d, J=6.6Hz, C5H4N), 9.82 (1 H, s, C4H2N2), 9.78 (1 H, s,
C4H2N2), 9.38 (2H, d, J=6.6Hz, C5H4N), 8.93 (2H, d, J=6.0
Hz, C5H4N), 8.89 (2H, d, J=6.6Hz, C5H4N), 8.43 (2H, d, J=
7.6 Hz, C5H4N), 8.20 (2 H, d, J = 9.1 Hz, C6H4), 8.15 (2 H, d,
J=6.3 Hz, C5H4N), 7.00 (2 H, d, J=8.8 Hz, C6H4), 3.23 (6 H,
s, 2Me). Anal. Calcd (%) for C27H24N8O6 3 1.5H2O: C, 55.57; H,
4.66; N, 19.20. Found: C, 55.25; H, 4.37; N, 18.92. m/z 216.2
([M - 2NO3]

2þ). TGA: Calcd 4.63% H2O for C27H24N8O6 3
1.5H2O; actual mass loss 4.30% by 168 �C. Mp 210-211 �C.
[2][NO3]2: 32 mg, 27%; δH (500 MHz, CD3OD) 9.65 (2 H, s,
C4H2N2), 9.35 (4H, d, J=7.3Hz, C5H4N), 8.42 (4H, d, J=7.3
Hz, C5H4N), 8.18 (4 H, d, J= 9.1 Hz, C6H4), 7.00 (4 H, d, J=
9.3 Hz, C6H4), 3.23 (12 H, s, 4Me). Anal. Calcd (%) for
C30H30N8O6 3 2H2O: C, 56.78; H, 5.40; N, 17.66. Found: C,
56.65; H, 5.24; N, 17.47. m/z 536.0 ([M - NO3]

þ). TGA: Calcd
5.67% H2O for C30H30N8O6 3 2H2O; actual mass loss 5.72% by
97 �C and 6.08% by 224 �C (start of decomposition). Mp 243 �C
dec (orange sublimate observed).

Synthesis of 2,6-Bis(4(2-(4-dimethylaminophenyl)-(E)-ethenyl)-
pyridinium-1-yl)pyrazineHexafluorophosphate, [3][PF6]2.Amixture
of 2,6-dichloropyrazine (53mg, 0.356mmol) and (E)-4-[4-(dimethyl-
amino)styryl]pyridine (171 mg, 0.762 mmol) in dry DMF (0.5 mL)
was heated at 120 �Cwith stirring for 18 h. The reactionmixturewas
allowed to cool to room temperature before the deep purple solution
was washed out of the flask with DMF (10 mL) and precipitated
by addition of diethyl ether. The resulting crude, purple chloride salt
was filtered off and redissolved in methanol and the product was
precipitatedbyadditionof 10%aqueousNH4PF6.Final reprecipita-
tion from acetone/diethyl ether yielded a dark purple solid that was
filtered off, washedwith diethyl ether, and dried: 21mg, 7%;δH (400
MHz, (CD3)2CO) 9.83 (2 H, s, C4H2N2), 9.53 (4 H, d, J=7.3 Hz,
C5H4N), 8.32-8.26 (6 H, C5H4N þ CH), 7.76 (4 H, d, J=9.1 Hz,
C6H4), 7.40 (2H,d,J=15.9Hz,CH), 6.89 (4H,d,J=9.1Hz,C6H4),
3.17 (12 H, s, 4Me). δC (125 MHz, (CD3)2SO) 157.2, 153.0, 146.9,
145.2, 140.3, 131.8, 122.6, 121.6, 116.8, 112.2, 39.8 (Me, over-
lapped with solvent signal). Anal. Calcd (%) for C34H34F12N6P2 3
0.25Me2CO:C,50.22;H, 4.31;N, 10.11.Found:C,50.50;H,4.12;N,
10.25.m/z 671.1 ([M-PF6]

þ), 263.5 ([M-2PF6]
2þ).Mp 200 �Cdec.

Synthesis of 2-(4-(4-Methoxyphenyl)pyridinium-1-yl)-6-(4-(pyri-
din-4-yl)pyridinium-1-yl)pyrazine Hexafluorophosphate, [4][PF6]2.
This compound was prepared and purified in a manner similar to
[1][PF6]2 byusing4-(4-methoxyphenyl)pyridine (93mg,0.502mmol)
in place of 4-(4-dimethylaminophenyl)pyridine. The column was
elutedwithonly40:9:2acetonitrile/water/saturatedaqueousKNO3,
and a pale yellow solid was obtained: 60 mg, 17%; δH (400 MHz,
(CD3)2CO) 10.13 (2 H, d, J=7.3Hz, C5H4N), 10.10 (1H, s, C4H2-
N2), 10.09 (1H, s, C4H2N2), 9.87 (2H, d, J=7.3Hz,C5H4N), 9.04
(2 H, d, J=7.3Hz, C5H4N), 8.95 (2 H, d, J=6.1Hz, C5H4N), 8.84
(2 H, d, J=7.6 Hz, C5H4N), 8.34 (2 H, d, J=9.1 Hz, C6H4), 8.15
(2 H, d, J=6.1 Hz, C5H4N), 7.29 (2 H, d, J=9.1 Hz, C6H4), 4.00
(3 H, s, Me). δC (125 MHz, (CD3)2SO) 164.2, 157.8, 156.3,
151.2, 145.27, 145.25, 143.9, 142.5, 141.6, 141.3, 140.3, 131.4,
125.5, 124.7, 122.8, 122.4, 115.6, 56.0 (Me). Anal. Calcd (%) for

C26H21F12N5OP2: C, 44.02; H, 2.98; N, 9.87. Found: C, 43.66; H,
3.03; N, 10.09. m/z 209.6 ([M - 2PF6]

2þ). Mp 200 �C dec. Note:
Substantial quantities of [5][PF6]2 (41mg, 22%) were also obtained
from this reaction.

Synthesis of 2,6-Bis(4-(4-methoxyphenyl)pyridinium-1-yl)pyra-
zineHexafluorophosphate, [5][PF6]2.This compoundwas prepared
and purified in amanner similar to [2][PF6]2 by using 2,6-dichloro-
pyrazine (53 mg, 0.356 mmol) and 4-(4-methoxyphenyl)pyridine
(135 mg, 0.729 mmol) in place of 4-(4-dimethylaminophenyl)-
pyridine in dry DMF (0.5 mL) with a reaction time of 18 h. The
crude product was washed out of the flaskwithDMF (10mL), and
ayellow solidwasobtained: 90mg, 34%;δH (400MHz, (CD3)2CO)
10.02 (2H, s,C4H2N2), 9.85 (4H,d,J=7.3Hz,C5H4N), 8.83 (4H,
d, J=7.3Hz, C5H4N), 8.33 (4H, d, J=8.8Hz, C6H4), 7.29 (4 H,
d, J=8.8Hz, C6H4), 4.00 (6H, s, 2Me). δC (100MHz, (CD3)2SO)
164.2, 157.7, 145.2, 142.5, 140.9, 131.4, 124.7, 122.8, 115.6, 56.0
(Me). Anal. Calcd (%) for C28H24F12N4O2P2: C, 45.54; H, 3.28; N,
7.59. Found: C, 45.67; H, 3.19; N, 7.49. m/z 593.4 ([M - PF6]

þ),
224.1 ([M- 2PF6]

2þ). Mp 215 �C dec.
Synthesis of 2-(4-(4-Methoxyphenyl)pyridinium-1-yl)-6-(4-(pyri-

din-4-yl)pyridinium-1-yl)pyrazine Nitrate, [5][NO3]2. This compound
was obtained from the synthesis of [4][PF6]2 (see above) by evapo-
rating the column fractions containing 5until yellow crystals formed:
10 mg, 6.5%; δH (500 MHz, CD3OD) 9.82 (2 H, s, C4H2N2), 9.68
(4 H, d, J=7.3 Hz, C5H4N), 8.69 (4 H, d, J=6.9 Hz, C5H4N),
8.27 (4 H, d, J=8.8Hz, C6H4), 7.27 (4H, d, J=8.8Hz, C6H4), 3.98
(6 H, s, 2Me). Anal. Calcd (%) for C28H24N6O8 3 1.1H2O: C, 56.77;
H, 4.46; N, 14.18. Found: C, 56.34; H, 4.40; N, 14.67.m/z 510.2
([M -NO3]

þ), 224.3 ([M - 2NO3]
2þ). TGA: Calcd 3.3% H2O

for C28H24N6O8 3 1.1H2O; actual mass loss of 3.05%by 208 �C.Mp
192-193 �C.

Synthesis of 2,6-Bis(4-(2-(4-methoxyphenyl)-(E)-ethenyl)pyridi-
nium-1-yl)pyrazineHexafluorophosphate, [6][PF6]2.This compound
was prepared and purified in amanner similar to [3][PF6]2 by using
(E)-4-(4-methoxystyryl)pyridine (152 mg, 0.719 mmol) in place of
(E)-4-[4-(dimethylamino)styryl]pyridine,witha reaction timeof4h.
An orange solid was obtained: 35mg, 12%; δH (400MHz, (CD3)2-
CO) 9.96 (2H, s, C4H2N2), 9.76 (4 H, d, J=6.3Hz, C5H4N), 8.55
(4 H, d, J=6.6 Hz, C5H4N), 8.34 (2 H, d, J=16.1 Hz, CH), 7.86
(4H,d,J=8.8Hz,C6H4), 7.64 (2H,d,J=16.1Hz,CH),7.12 (4H,
d, J=9.1Hz, C6H4), 3.92 (6H, s, 2Me). δC (125MHz, (CD3)2SO)
162.2, 157.4, 145.2, 144.9, 141.7, 140.2, 131.0, 127.7, 123.1, 120.8,
115.0, 55.6 (Me). Anal. Calcd (%) for C32H28F12N4O2P2 3 0.5Me2-
CO: C, 49.10; H, 3.81; N, 6.84. Found: C, 49.11; H, 3.53; N, 6.84.
m/z 645.2 ([M - PF6]

þ), 250.1 ([M - 2PF6]
2þ). Mp 177 �C dec.

Note: A similar reaction with a longer heating time of 18 h (as used
for the other compounds) gave a lower yield of below 10%.

X-ray Crystallography.Crystal structures have been obtained
for the salts [1][NO3]2 3 2.5H2O, [2][PF6]2, [3][PF6]2 3 2Me2CO,
[5][NO3]2 3 2MeCN, and [6][PF6]2 3MeCN. Suitable crystals were
grown by slow evaporation of an acetonitrile solution of [1][NO3]2,
or by diffusion of diethyl ether vapor at room temperature into
solutions of the salts [2][PF6]2/[3][PF6]2 in acetone, or [5][NO3]2/
[6][PF6]2 in acetonitrile. Data were collected onOxfordDiffraction
XCalibur 2 or Bruker APEX II CCD X-ray diffractometers with
MoKR radiation (λ=0.71073 Å), and the data were processed by
using the Oxford Diffraction CrysAlis RED33 or Bruker SAINT34

and SADABS35 software packages. The structures were solved
by direct methods using SIR-9236 viaWinGX,37 or SHELXS-97,38

(33) CrysAlis RED, Version 1.171.32.4; Oxford Diffraction Ltd.; Yarnton:
Oxfordshire, United Kingdom, 2006.

(34) SAINT, Version 6.45, Bruker AXS Inc.; Madison: Wisconsin, 2003.
(35) SADABS, Version 2.10; Bruker AXS Inc.; Madison: Wisconsin,

2003.
(36) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,

M. C.; Polidori, G.; Camalli, M. J. Appl. Crystallogr. 1994, 27, 435.
(37) Farrugia, L. J. J. Appl. Crystallogr. 1999, 32, 837.
(38) Sheldrick, G. M. Acta Crystallogr., Sect. A 1990, 46, 467.
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and refined by full-matrix least-squares on all F0
2 data using

SHELXL-97.39 All non-hydrogen atoms were refined anisotropi-
cally and 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. All other calculations were carried out with the
SHELXTL package.40 Crystallographic data and refinement
details are presented in Table 6.

Hyper-Rayleigh Scattering. General details of the hyper-
Rayleigh scattering (HRS) experiment have been discussed
elsewhere,18 and the experimental procedure and data analysis
protocol for the fs measurements used in this study were as
previously described.19 Measurements were carried out in ace-
tonitrile, with crystal violet as an external octupolar reference
(βxxx,800= 338� 10-30 esu inmethanol),19a and local field correc-
tion factors at optical frequencies were applied to correct for the
difference in solvent. Measurements were performed by using the
800 or 880 nm output wavelengths of a regenerative, mode-locked
Ti3þ:sapphire laser (Spectra Physics, model Tsunami, 100 fs pulses,
1 W, 80 MHz). Dilute solutions (10-4-10-6 M) were used to
ensure linear dependences of I2ω/Iω

2 on solute concentration,
precluding the need for Lambert-Beer correction factors. The
absence of frequency demodulation of the observed hyperpolariz-
ability, i.e. constant values of β versus amplitude modulation
frequency, showed that no fluorescence contributions to the
HRS signals were present at 400 or 440 nm. This situation may
indicate: (i) a lack of fluorescence, (ii) spectral filtering out
of fluorescence, or (iii) the fluorescence lifetime is too short for
its demodulation to be observed within the bandwidth of the
instrument. The reported β values are the averages taken from
measurements at different amplitude modulation frequencies.
HRS depolarization ratios F21 were determined at 800 or 880 nm
in acetonitrile according to a published methodology.41 While the

precisionof individual depolarizationmeasurements is high (fitting
errors of ca. (0.02), multiple measurements on the crystal violet
reference and on some of the samples indicated significant varia-
bility in the F values obtained. Hence the errors for the whole data
set have been estimated based on the variability of ca. (15%
observed in the values obtained for the reference.

Stark Spectroscopy.The Stark apparatus, experimentalmeth-
ods, and data collection procedure were as previously reported,25

except that a Xe arc lampwas used as the light source in the place
of a W filament bulb. Butyronitrile was used as the glassing
medium, for which the local field correction fint is estimated as
1.33,25 and the Stark spectrum for each compoundwasmeasured
at least twice. Satisfactory fits of the Stark data for the salts
[1][PF6]2 and [4][PF6]2 were obtained by using the observed
absorption spectra, but for [2][PF6]2, [3][PF6]2, [5][PF6]2, and
[6][PF6]2, these spectra were modeled with a sum of two or 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.26 The dipole-
moment change,Δμ12 = μe- μg, where μe and μg are the respec-
tive excited and ground-state dipole moments, associated with
each of the curves considered in the fit was then calculated from
the coefficient of the second derivative component. Note that
the Gaussian fitting functions may not necessarily represent
accurately individual electronic transitions, but are essential in
order to allow the derivationofStark data.Nevertheless, analyses
of the combined data for the complete ICT bands are proven in
this study and elsewhere13k,14f,23,27 to afford physically sensible
results and trends.

A two-state analysis of the ICT transitions gives

Δμab
2 ¼ Δμ12

2 þ 4μ12
2 ð4Þ

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

ð5Þ

whereEmax is the energy of the ICTmaximum (inwavenumbers)
and μ12 is in eÅ. The latter is converted into Debye units upon

TABLE 6. Crystallographic Data and Refinement Details for the Salts [1][NO3]2 3 2.5H2O, [2][PF6]2, [3][PF6]2 3 2Me2CO, [5][NO3]2 3 2MeCN, and

[6][PF6]2 3MeCN

[1][NO3]2 3 2.5H2O [2][PF6]2 [3][PF6]2 3 2Me2CO [5][NO3]2 3 2MeCN [6][PF6]2 3MeCN

empirical formula C27H29N8O8.5 C30H30F12N6P2 C40H46F12N6O2P2 C30H27N7O8 C34H31F12N5O2P2

fw 601.58 764.54 932.77 613.59 831.58
cryst system monoclinic monoclinic monoclinic orthorhombic orthorhombic
space group P21/c P21/c C2/c Pnma Pnma
a/Å 19.223(1) 20.594(2) 20.603(7) 7.479(2) 8.050(1)
b/Å 10.223(1) 7.922(1) 23.48(1) 33.557(7) 39.19(1)
c/Å 13.931(1) 21.032(2) 8.922(3) 10.974(2) 11.293(2)
R/deg 90 90 90 90 90
β/deg 96.79(1) 112.424(4) 92.34(2) 90 90
γ/deg 90 90 90 90 90
V/Å3 2718.5(3) 3171.8(6) 4313(3) 2754(1) 3562(1)
Z 4 4 4 4 4
T/K 100(2) 100(2) 100(2) 100(2) 100(2)
μ/mm-1 0.112 0.242 0.196 0.110 0.226
cryst size/mm3 0.30 � 0.10 � 0.03 0.20 � 0.10 � 0.08 0.30 � 0.10 � 0.05 0.65 � 0.15 � 0.05 0.25 � 0.20 � 0.05
appearance dark red lath dark red block dark blue block yellow plate brown plate
no. of reflns collected 8464 9097 4112 9689 5666
no. of independent reflns (Rint) 4730 (0.0516) 3815 (0.1347) 2148 (0.1082) 1275 (0.0783) 2199 (0.1025)
θmax/deg (completeness) 25.03 (98.3%) 21.96 (98.4%) 20.81 (94.9%) 19.78 (99.9%) 21.95 (99.1%)
no. of reflns with I > 2σ(I) 2389 2351 1239 1061 1402
GOF on F2 0.876 1.122 1.076 1.300 1.081
final R1, wR2 [I > 2σ(I)] 0.0582, 0.1272 0.1008, 0.1636 0.1182, 0.2811 0.0840, 0.1547 0.0966, 0.2203
final R1, wR2 (all data) 0.1207, 0.1440 0.1829, 0.2176 0.1863, 0.3247 0.1015, 0.1613 0.1350, 0.2354
peak and hole/eÅ-3 0.824, -0.540 0.497, -0.354 0.555, -0.474 0.274, -0.405 0.490, -0.476

(39) Sheldrick, G. M. SHELXL 97, Program for Crystal Structure
Analysis (Release 97-2); University of G€ottingen: G€ottingen, Germany,
1997.

(40) SHELXTL, Version 6.1; Bruker AXS Inc.; Madison: Wisconsin,
2000.

(41) (a) Hendrickx, E.; Boutton, C.; Clays, K.; Persoons, A.; van Es, S.;
Biemans, T.; Meijer, B. Chem. Phys. Lett. 1997, 270, 241–244. (b) Boutton,
C.; Clays, K.; Persoons, A.; Wada, T.; Sasabe, H. Chem. Phys. Lett. 1998,
286, 101–106.
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multiplying 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 4μ12

2

 !1=2
2
4

3
5 ð6Þ

jHabj ¼
�����Emaxðμ12Þ

Δμab

����� ð7Þ

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

β0 ¼ 3Δμ12ðμ12Þ2
ðEmaxÞ2

ð8Þ

Arelative error of(20% is estimated for theβ0 values derived from
the Stark data and using eq 8, while experimental errors of(10%
are estimated forμ12,Δμ12, andΔμab,(15%forHab and(50%for
cb

2. Note that the (20% uncertainty for the β0 values is merely

statistical and does not account for any errors introduced by two-
state extrapolation.
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