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O
rganic radicals are demonstrating1

considerable promise as some
of the active electronic building

blocks for the construction of a variety of
materials and devices, such as (i) molecular
ferromagnets2 containing two or more
aligned spins, and (ii) nanoelectronic mem-
ory devices3,4 which employ their reversible
redox chemistries in order to switch between
“on” and “off” states. They also are used
for (iii) charge/energy storage in battery5

and supercapacitor6 applications and are
(iv) implicit7 as excitons in bulk-heterojunc-
tion organic solar cell technologies.
Historically, crystalline materials of con-

tinuously stacked organic π-radical cations
have been known to exhibit8�10 conducting
behavior in a number of specific instances.
Perhaps the best-known example of such an
organic conducting crystal is one11 com-
posed of continuously π-stacked tetrathia-
fulvalene radical cations, TTF•þ, along with
segregated stacks of tetracyanohydroqui-
none radical anions, TCNQ•�. The driving
force behind the recognition processes
leading to the self-assembly of these con-
tinuous π-stacks is one of radical�radical
interactions, also referred to12,13 as “pimer-
ization”, which to a large extent involves
spin pairing14 of the free radicals, yielding a
diamagnetic state. We and others have
shown that these TTF radical cations can
be enticed to dimerize15�18 in solution by
appealing to host�guest chemistry as well
as within the molecular world of the me-
chanical bond in compounds containing
mechanically interlocked components. Fol-
lowing on the heels of this initial discovery
by Cowan and Perlstein11 came the sys-
tematic study of many other radical cationic
TTF derivatives in the solid-state, and their

multifarious applications19,20 in electronic
and magnetic devices have been reported.
Usingdriving forces similar to those radical�

radical interactions which lead TTF radi-

cal cations to dimerize in solution, radical

cations of 1,10-dialkyl-4,40-bipyridinium
(BIPY•þ) derivatives have been known21�25

since the 1960s to undergo dimerization in

aqueous solutions. In 1990, Kochi26 reported
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ABSTRACT

The self-assembly and solid-state semiconducting properties of single crystals of a trisradical
tricationic complex composed of the diradical dicationic cyclobis(paraquat-p-phenylene)
(CBPQT2(•þ)) ring and methyl viologen radical cation (MV•þ) are reported. An organic field
effect transistor incorporating single crystals of the CBPQT2(•þ)⊂MV•þ complex was
constructed using lithographic techniques on a silicon substrate and shown to exhibit
p-type semiconductivity with a mobility of 0.05 cm2 V�1 s�1. The morphology of the crystals on
the silicon substrate was characterized using scanning electron microscopy which revealed that
the complexes self-assemble into “molecular wires” observable by the naked-eye as millimeter
long crystalline needles. The nature of the recognition processes driving this self-assembly,
radical�radical interactions between bipyridinium radical cations (BIPY•þ), was further
investigated by resonance Raman spectroscopy in conjunction with theoretical investigations
of the vibrational modes, and was supported by X-ray structural analyses of the complex and its
free components in both their radical cationic and dicationic redox states. These spectroscopic
investigations demonstrate that the bond order of the BIPY•þ radical cationic units of host and
guest components is not changed upon complexation, an observation which relates to its
conductivity in the solid-state. We envision the modularity inherent in this kind of host�guest
complexation could be harnessed to construct a library of custom-made electronic organic
materials tailored to fit the specific needs of a given electronic application.

KEYWORDS: electrochemistry . molecular electronics .
organic field effect transistors . quantum mechanics . Raman spectroscopy
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the solid-state structure of the methyl viologen radical
cation, which, like TTF•þ, also forms a continuousπ-stack.
He showed that the methyl viologen radical cation
(MV•þ) possesses conductivity when measured in the
solid state as a bulk powder. Recently, we have
described27,28 a trisradical trication complex involving
the entry of MV•þ inside the cavity of the diradical
dicationic cyclobis(paraquat-p-phenylene) (CBPQT2(•þ))
ring (Figure 1A). The formation of this host�guest com-
plex occurs spontaneously (Ka = 5.04� 104, 298 K,MeCN)
by radical�radical interactions, a process which is orders
of magnitude stronger than the dimerization of MV•þ

under the same conditions. This enhanced stability,
which we exploit here in our design strategy for growing
crystals to be used in device fabrication, is presumably a
consequence of the precise preorganization of the MV•þ

guest provided by the cavity of the CBPQT2(•þ) host.
The single-crystal X-ray analysis of this trisradical cationic
CBPQT2(•þ)⊂MV•þ complex reveals28 a continuous
π-stack of radical cations in the solid state, interactions
within which are responsible for the facile self-assembly
into needle-like morphologies observable as single
crystals on the micro- to millimeter scale (Figure 1C).
Furthermore, we have shown that these radical�radical
interactions can be employed29 in the template-directed
synthesis ofmechanically interlockedmolecules30 (MIMs)
and can be used in the design31 of bi- and multistable

MIMs that can be switched in both aqueous and
organic solvent systems. Herein, we report the solid-state
semiconductive properties of single crystals of the
CBPQT2(•þ)⊂MV•þ complex and their Raman spectro-
scopic behavior in both the solution and solid states. An
in-depth analysis of the X-ray crystal structures is pre-
sented, which is supported by Raman spectroscopy, and
takes into consideration the bond order of the BIPY2þ/•þ

subunits of the components in their free and complexed
forms, comparing donor�acceptor to radical�radical
interactions.

RESULTS AND DISCUSSION

Organic Field Effect Transistor Experiments. To assess the
electronic conductivity of the CBPQT2(•þ)⊂MV•þ com-
plex in the solid state, we have fabricated an organic

Figure 1. (a) The reversible redox active complexation of
the CBPQT4þ ringwithMV2þwhich occurs after reduction of
their BIPY2þ units to their radical cationic forms. The
formation of the trisradical host�guest CBPQT2(•þ)⊂MV•þ

complex is driven by radical�radical interactions between
its BIPY•þ components. (b) Schematic of the OFET con-
structed of single crystals of the CBPQT2(•þ)⊂MV•þ complex.
The inset shows the X-ray crystal superstructure of the
trisradical complex (obtained from ref 28), revealing a
continuous π-stack of BIPY•þ radical cations. The PF6

�

counterions and solvent molecules have been omitted for
the sake of clarity. Note that the crystal structure was
obtained at 100 K, while the OFET measurements were
carried out at room temperature. (c) Optical image of a
typical crystal of CBPQT2(•þ)⊂MV•þ grown by slow-vapor
diffusion of iPr2O into a MeCN solution of the complex.

Figure 2. SEMimagesofsinglecrystalsof theCBPQT2(•þ)⊂MV•þ

complex obtained on a Si/SiO2 substrate. Single crystalswere
growndirectly on the surfaceby slowvapor diffusion of iPr2O
into a MeCN solution of CBPQT2(•þ)⊂MV•þ layered on the
silica wafer. Similar crystal morphologies were observed
(a�c) in all cases, differing only in specific dimensions. The
long axis of the crystals lie parallel to the π-stacking axis of
the BIPY•þ units shown in Figure 1.
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field-effect transistor (OFET) device (Figure1B) usingsingle-
crystal samples. Crystals of the CBPQT2(•þ)⊂MV•þ complex
were grown directly onto silicon wafers. Once in the solid
state (Figure 1C), the BIPY•þ radical cationic components
are resistant to oxidation by atmospheric O2 and may be
handled under ambient conditions thereafter for weeks.

We have used scanning electron microscopy (SEM) in
order to characterize the surface morphology (Figure 2)
of the single crystals of the CBPQT2(•þ)⊂MV•þ complex
on the silicon wafer substrate. The results mimic those
which can beobservedwith the naked eyewhengrowing
crystals for single-crystal X-ray analysis, namely, that
long needle-like crystals are observed also on the SiO2/Si
substrate surface. The long-axis of the crystals coincide
with the a-axis of the unit cell, along which the
CBPQT2(•þ)⊂MV•þ complexes π-stack through radical�
radical interactions. It is along this dimension we carried
out our investigations of electric conductivity.

We have employed e-beam lithographic techni-
ques to construct OFETs from single crystals of the
CBPQT2(•þ)⊂MV•þ complex grown on the degener-
ately doped SiO2/Si substrates. Figure 3 shows the
room temperature bottom-gate OFET characteristics
of the CBPQT2(•þ)⊂MV•þ complex as its single crystal.
The output (Figure 3A) and transfer (Figure 3B) char-
acteristics weremeasured by applying a VDS to a pair of

Ti/Au patterned source-drain electrodes and gate vol-
tage VGS to the back gate silicon substrate electrode.
The OFET devices were annealed under an inert atmo-
sphere at 150 �C in order to promote low contact
resistance. The back gating characteristics of the de-
vices are typical of a p-type channel conductance. After
applying the VGS sweeps repeatedly on anOFET device,
we did not observe any significant variation while
keeping IDS constant, an excellent indication of the
robustness32 of the device. The field effect mobility (μ)
of OFET devices was calculated33 using eq 1:

μ ¼ [dIDS=dVGS]� [L=W � CiVDS] (1)

where L is channel length (10 μm),W is channel width
(40 μm), Ci (6.9 � 10�5 F/cm2) is the gate capacitance
between the channel and the silicon back gate per unit
area which is given by Ci = ε0 εr/d, where ε0 (3.9) and
d (500 nm) are the dielectric constant and thickness
of SiO2, respectively. The field effect mobility was
calculated to be ∼0.05 cm2 V�1 s�1.

X-ray Structural Analyses. To obtain a deeper under-
standing of the radical�radical interactions in the solid
state which give rise to the semiconducting behavior
of the CBPQT2(•þ)⊂MV•þ complex, we have carried out
an in-depth analysis of the changes in bond lengths and
torsional angles between radical and oxidized forms, for
both free and complexed components (Figure 4) as
measured from single-crystal X-ray structural data.

Our previous quantum mechanical and EPR inves-
tigations support27 the hypothesis that only two of the

Figure 3. (a) The I�V curves as a function of VDS recorded
at varying gate voltages (VGS, �5 to þ5 V) obtained
from the OFET constructed from single crystals of the
CBPQT2(•þ)⊂MV•þ complex employing lithographic techni-
ques. (b) A plot of the magnitude of the current running
through the crystal as a function of VGS read at a constant
drain-source potential (VDS). The fact that the magnitude of
the current decreases toward zero at increasingly positive
values of VGS is indicative of p-type semiconduction by
these CBPQT2(•þ)⊂MV•þ crystals.

Figure 4. Solid-state structures determined by X-ray crys-
tallography of the π-electron deficient tetracationic
CBPQT4þ (a, ref 38), its CBPQT4þ⊂TTF complex (b, ref 39),
the diradical dicationic CBPQT2(•þ) ring (c, ref 28) and
its CBPQT2(•þ)⊂MV•þ complex (d, ref 28). Note that the
torsional angle of the BIPY2þ units decrease significantly
upon complexation of CBPQT4þwith TTF. The change in the
torsional angles for the BIPY•þ units upon complexation
of CBPQT2(•þ) with MV•þ remain relatively unperturbed. In
all cases, the PF6

� counterions and solvent molecules have
been omitted for the sake of clarity.
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radicals of the trisradical complex are spin-paired
(singlet) at any given instance in time, yielding a net
paramagnetic (doublet) state. In their dicationic forms,
BIPY2þ units commonly adopt relatively large torsional
angles (∼35�) between their two pyridinium rings.
These torsional angles are a consequence of free
rotation about the central 4,40-C�C bond which allows
the two pyridinium rings to twist into a lower energy
conformation. When the LUMO of BIPY2þ becomes
populated with electron density donated from the
HOMO of π-electron-rich species, however, the central
4,40-C�C bond takes on double-bond character. This
situation happens as a consequence of the antibond-
ing nature of the LUMO, which acts to shorten the
length of someC�Cbondswhile elongating others in a
manner that leads to an overall reduction of the bond
order in the BIPY2þ unit. The consequence of the 4,40-
C�Cbond taking on double-bond character is that free
rotation about this axis becomes hindered, and the
two pyridinium units becomemore coplanar with each
other, as indicated by the observation that their tor-
sional angles tend toward 0� in these cases. These
similar effects on the structure of the BIPY2þ/•þ units for
either donor�acceptor or radical�radical complexes
points to the similarities34,35 of the fundamental orbital
interactions governing the recognition processes at
play during these two seemingly different, although
reciprocally related motifs.

First of all, let us consider the case36�38 of the fully
oxidized tetracationic CBPQT4þ ring in the solid state.
The length of the central 4,40-C�C bond is 1.48 Å, while
the torsional angle is 40�. Upon complexation39 with
the neutral π-electron-rich TTF, the torsional angle
decreases to 9.8�, concomitant with changes in the
C�Cbonds lengths identified in Table 1. This change in
the bond order brought about by donor�acceptor
interactions is further expressed40 in the molecular
world in the case of a [2]catenane composed of the
CBPQT4þ ring mechanically interlocked with a macro-
cyclic polyether containing TTF and 1,5-dioxynaphtha-
lene π-electron-rich units. For details of the structure,
see reference 40. Quantum mechanical calculations
performed41,42 on both the free CBPQT4þ host and
the CBPQT4þ⊂TTF complex support the hypothesis
that a change in bond order occurs upon complexa-
tion, and that the LUMO is most likely localized to the
CBPQT4þ component while the HOMO is localized
to TTF leading to inhibition of conductivity when
expressed in the solid-state asmixed donor�acceptor
stacks.

We now examine the changes in bond lengths
on going from the fully oxidized CBPQT4þ ring to its
diradical dicationic CBPQT2(•þ) form. The torsional
angle of the BIPY•þ radical cationic components of
the ring decreases to 2.60�, and the length of the
central 4,40-C�C bond further decreases to 1.43 Å.
These changes in geometry are a consequence of

populating the antibonding orbital with the radical
electron, a situationwhich causes an increase in the sp2

character of the central bond. The solid-state structure
of the methyl viologen radical cation (MV•þ) reported
by Kochi,26 reveals a torsional angle of 8.96� and a
1.42 Å length for the central 4,40-C�C. When these two
species are associated with each other as the trisradical
CBPQT2(•þ)⊂MV•þ host�guest complex, the solid-
state structure reveals that this bond length remains
the same for the CBPQT2(•þ) component and increases
slightly to 1.43 Å for the MV•þ radical cation. The tor-
sional angles for both components continue to
decrease to 0.38� and 0.07�, respectively. Accordingly,
less change in terms of the antibonding character
occur upon complexation of MV•þ with the CBPQT2(•þ)

ring. This observation agrees with quantum mechan-
ical calculations predicting that only a relatively small
amount of charge is transferred27 from the host to the
guest. This insignificant change in the bond order
is also reflected in the Raman spectroscopic behavior
of the trisradical complex in solution as well as the solid
state.

Raman Spectroscopy. The trisradical CBPQT2(•þ)⊂MV•þ

host�guest complex, as well as its free components,
were investigated (Figure 5A) by solution-phase reso-
nance Raman scattering spectroscopy in MeCN at
298 K. A solution of the free diradical dicationic
CBPQT2(•þ) was subjected to laser irradiation at λex =
532 nm, resulting in Raman spectroscopic resonances
that were recorded in the region of 500�2000 cm�1. In
particular, the bands that are observed are significantly
different from those of the fully oxidized CBPQT4þ ring
previously reported in the literature.42�44 In addition
to this difference, the CBPQT2(•þ) diradical dication

TABLE 1. Bond Length and Torsional Data Obtained from

Crystallographic Analysis of Free BIPY2þ/•þ Units, When

They Are Engaged in Donor�Acceptor Interactions with

Electron-RichGuests, and in Their Radical Cationic Formsa

species R (Å) β (Å) γ (Å) δ (Å) j (deg)

CBPQT4þb 1.34 1.38 1.39 1.48 40.0
CBPQT4þ⊂TTFc 1.33 1.37 1.39 1.48 9.75
[2]Catenaned 1.34 1.37 1.40 1.49 1.87
CBPQT2(•þ)e 1.35 1.37 1.43 1.43 2.60
MV•þf 1.37 1.34 1.42 1.42 8.96
CBPQT2(•þ)⊂MV•þe 1.37 1.35 1.43 1.43 0.38

1.36 1.36 1.42 1.43 0.07

a The illustration in the caption defines the bond distances and torsional angle. All
distances and angles correspond to the average value measured across the unit cell.
The X-ray data shown is based on structures with PF6

� counterions reported in the
references. b Data from ref 38. c Data from ref 39. d Data from ref 40. e Data from
ref 28. f Data from ref 26.
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is slightly fluorescent at 532 nm and manifests as a
broadband in the lower energyportionof the spectrum.
Important to note here is the fact that the MV•þ radical
cation was so fluorescent at λex = 532 nm, that the (see
Supporting Information) fluorescence obscured the ob-
servation of Raman scattering. When complexed with
the CBPQT2(•þ) ring, however, the fluorescence of MV•þ

is quenched. We hypothesize that the increased rigidity
of theMV•þ is a consequence of the sp2 character of the
central 4,40-C�C bond and leads to its fluorescent
behavior. The same is true for the CBPQT2(•þ) diradical
dication although, having more degrees of freedom, it
is more readily quenched and the CBPQT2(•þ)⊂MV•þ

complex is totally quenched. The position and number
of thepeaks observed in the resonanceRamanspectrum
of the trisradical CBPQT2(•þ)⊂MV•þ complex is nearly
identical to those obtained for the free CBPQT2(•þ)

diradical dication, the largest difference being the
absence of the fluorescence emission band and a small

shoulder appearing beside the 1528 cm�1 band at
1512 cm�1. The Raman spectrum of the MV•þ radical
cation in H2O, previously reported,

45 shows peaks that
are consistent with those observed for the CBPQT2(•þ)

reported here. The fact that the positions of the Raman
peaks undergo very little change on going from the
free CBPQT2(•þ) diradical dication to the trisradical
CBPQT2(•þ)⊂MV•þ complex is consistent with the con-
clusions reached from X-ray structural analysis, further
supporting the hypothesis that the bond order of the
BIPY•þ radical cation components is conserved through-
out complexation. The Raman spectra of MV•þ between
its free and (MV•þ)2 radical cation dimer have also been
shown46 to undergo little change as a consequence of
dimerization other than the appearance of a similar
shoulder band in the 1500 cm�1 region. These ob-
servations are in stark contrast to the Raman behavior
previously reported42 for the complex formed be-
tween the fully oxidized CBPQT4þ and neutral TTF,
the spectra of which reveal significant changes in
the energy of the vibrational modes of the CBPQT4þ

ring upon complexation driven by π-donor�acceptor
interactions.

Solid-state Raman spectroscopy recorded with an
excitation wavelength of λex = 532 nm was performed
on single crystals (Figure 5B) of the free CBPQT2(•þ) host
and the CBPQT2(•þ)⊂MV•þ complex grown under simi-
lar conditions (see Experimental Methods) to those
employed for the OFET device fabrication. First of
all, the spectrum of the free CBPQT2(•þ) host reveals
(Figure 5C) that the four most prominent Raman
bands are observed at frequencies shifted only by a
small amount (0�3 cm�1) in comparison to the free
CBPQT2(•þ) host studied in solution. The same observa-
tion is made when the solid-state spectrum of the
CBPQT2(•þ)⊂MV•þ complex is analyzed, namely, that
the Raman spectrum remains relatively constant in
both phases. A comparison of the solid-state Raman
spectra observed for the free CBPQT2(•þ) host to the
CBPQT2(•þ)⊂MV•þ complex reveals that the two are
almost identical in terms of the number of peaks
and respective shifts. Just as in solution, a shoulder
is observed at 1512 cm�1 in the spectrum of the
CBPQT2(•þ)⊂MV•þ complex that is absent in the spec-
trum of the free CBPQT2(•þ) host. Other than this
shoulder, the other most significant difference be-
tween the two spectra are the relative intensities of
the bands which are observed to change upon com-
plexation. The similarities observed between the Ra-
man spectra of the free host and the complex are a
further indication that the bond order of the BIPY•þ

radical cation components are not significantly changed
after the transition to the solid state has occurred;a
fact which is deeply connected with the ability of
these crystals to serve as semiconducting materials
in contrast to their mixed-stacked donor�acceptor
redox relatives. These experimental results reflect the

Figure 5. (a) Resonance Raman spectra of the free
CBPQT2(•þ) ring (blue trace) and the trisradical
CBPQT2(•þ)⊂MV•þ complex (purple trace). Both spectra
were recorded in MeCN at 298 K using 1.0 mM solutions.
Note that the broad increase in intensity of the spectrum for
CBPQT2(•þ) is a result of fluorescence emission. (b) Single
crystals of CBPQT2(•þ) (left) and the trisradical complex
CBPQT2(•þ)⊂MV•þ (right) used in the single-crystal Raman
scatteringexperiments shown inpanel c. (c) Solid-stateRaman
spectroscopy of CBPQT2(•þ) (blue) and CBPQT2(•þ)⊂MV•þ

(purple) using a 532 nm laser at 298 K.
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fact that complexation is not driven by donor�accep-
tor interactions as is the case for the CBPQT4þ ring
with π-electron-rich guests, but by radical�radical
interactions, a significant part of which comes
from spin-pairing of the free radicals, and not by
charge-donation. We hypothesize that the radical
electron of the SOMO is smoothly distributed
across the BIPY•þ radical cation components of the
CBPQT2(•þ)⊂MV•þ complex in the solid state, lead-
ing to the situation that contrasts with the elec-
tronically insulating behavior of single crystals of
mixed stacks of donor�acceptor compounds and
complexes.

To assign the Raman bands to specific vibrational
modes of the trisradical CBPQT2(•þ)⊂MV•þ complex,
in particular the bands at 1528 and 1512 cm�1, we
carried out a series of quantum mechanical calcula-
tions. The Raman spectra of the open-shell MV•þ,
CBPQT2(•þ) and the CBPQT2(•þ)⊂MV•þ complex were
calculated using an approach (described in the
Supporting Information) in which the Raman inten-
sities of the related closed-shell forms were com-
bined with the vibrational frequencies of the open-
shell forms. This approach produced spectra that
agreed well with the experimental data. The open-
shell nature of the complex and its free components
has little effect on the Raman intensities, instead,
the greatest differences are in the frequencies of the
vibrations themselves.

The calculated Raman spectrum of the trisradical
CBPQT2(•þ)⊂MV•þ complex is shown in Figure 6. The
bands with calculated Raman shifts of 1502 and
1491 cm�1 correspond to those observed experimen-
tally at 1528 and 1512 cm�1, respectively, in solution.
These bands are assigned to the vibrational motions
involving both host and guest. The band at 1502 cm�1

involves an in-phase stretching of the central 4,40-C�C
bond of the BIPY•þ unit of the MV•þ guest coupled to
the stretching of a BIPY•þ unit of the CBPQT2(•þ) host.
The band at 1491 cm�1 represents a similar vibrational
mode, except that the motion of the two BIPY•þ units
occurs out of phase. The higher in-phase vibrational
mode intensity is a consequence of the greater net
change in polarizability accompanying changes in
bond lengths that occur in-phase. These results lend
further support to the notion that aminimal change in
the bond order occurs upon complexation of the
CBPQT2(•þ) host with the MV•þ guest, a fact which
ultimately gives rise to its semiconductivity in the
solid state.

CONCLUSIONS

Organic host�guest inclusion complexes driven by
radical�radical interactions are relatively rare in com-
parison to the commonality of their donor�acceptor
counterparts. Likewise, host�guest complexes which
are conductive in the solid-state have yet to be widely
explored as materials for electronic applications. In this
article, we report the construction of an OFET using
lithographic techniques, which apply source and drain
leads to single crystals composed of a host�guest
complex involving the diradical dicationic CBPQT2(•þ)

ring complexed with the radical cationic MV•þ guest,
and demonstrate their p-type semiconductivity. Reso-
nance Raman spectroscopy and X-ray structural ana-
lyses reveal that the bond order of the BIPY•þ radical
cationic subunits of each component changes very
little upon complexation as well as after transition-
ing into the solid state as crystals. This constancy in
bond order is related fundamentally to the fact that
these trisradical complexes, by way of self-assembly,
lead to conducting crystals in the solid-state. In
contrast to mixed stacks of donor�acceptor com-
plexes in their crystalline forms, which are known47

for their electric polarizability, the minimal degree
of charge-transfer associated with BIPY•þ radical�
radical interactions provides a smooth “dipole-
free” conduit for holes to flow in the valence band.
Although the measured mobility48 is over an order
of magnitude less than best organic semiconduc-
tors reported, with the inherent modularity that
host�guest chemistry carries with it, we envision
being able to construct a suite of custom-made
organic semiconducting materials, whose properties
can be readily tuned by using a library of different
organic radical cationic guests of varying electronic

Figure 6. (a) SimulatedRamanspectrumofCBPQT2(•þ)⊂MV•þ

using simulated Raman intensities of the neutral CBPQT⊂MV.
Peaks are broadened by a Lorentzian with a full width at
half-maximum of 10 cm�1. (b) Graphical depictions of the
vibrationalmodes that correspond to the calculated Raman
bands observed at 1502 and 1491 cm�1. The 1502 cm�1

band represents an in-phase stretching of the central
4,40-C�C bonds of two of the interacting BIPY•þ units from
host and guest, while the 1491 cm�1 band represents the
out-of-phase stretch.
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and functional properties. This informed modular
approach holds great promise as a design strat-
egy for the large number of potential applications

which employ these organic semiconductors as
the active components in electronic materials and
devices.

EXPERIMENTAL METHODS
All reagents were purchased from commercial suppliers

(Aldrich or Fisher) and used without further purification. The
CBPQT 3 4PF6

38 and MV 3 2PF6
25 were synthesized according to

literature procedures. The purities of these compounds were
determined by 1H NMR spectroscopy supported by analytical
HPLC monitored by UV�vis absorption. Reduction of CBPQT4þ

and MV2þ into the corresponding diradical dication CBPQT2(•þ)

and radical cation MV•þ was achieved under nitrogen in the
inert conditions provided by a glovebox in less than 1 h by
vigorous stirring with activated zinc dust.

Crystal Growth. In a typical experiment, a solution of
CBPQT 3 4PF6 (0.63 mM) and MV 3 2PF6 (0.75 mM) in degassed
MeCN is stirred rigorously with an excess of zinc dust for 1 h. The
zinc dust reduces both species to their radical cationic forms,
namely CBPQT2(•þ) and MV•þ. Following their reductions, com-
plexation of the components ensues spontaneously, resulting
in a dark purple solution. The zinc dust is then filtered off from
the solution using a 0.45 μm syringe-tip filter. For the SEM and
OFET experiments, the solution of the CBPQT2(•þ)⊂MV•þ complex
is layered onto a Si/SiO2 wafer, and slow vapor diffusion of iPr2O
is allowed to proceed for approximately 5 days under the inert
conditions of a glovebox. The yield of crystals composed of the
CBPQT2(•þ)⊂MV•þ complex, as opposed to their free host and
guest components, was estimated to be quantitative by SEM; free
MV•þ crystals, which were not observed, display a significantly
different feather-like morphology. Crystals for solid-state Raman
spectroscopy were grown by slow vapor diffusion of a solution
of the CBPQT2(•þ)⊂MV•þ into a vial for 5 days, after which time the
crystalswere transferredmanually onto the surface of a glass slide.

OFET Device Fabrication and Characterization. The source�drain
electrodes were fabricated using electron beam lithography.
First of all, the SiO2/Si substrates were spin-coated with MMA
(8.5) MAA (6% concentration in ethyl lactate), baked at 180 �C
for 1min, then coatedwith PMMA (2% concentration in anisole).
This was followed by baking at 180 �C for 1min and exposure by
a focused 30 keV electron beam in FEI Quanta FESEM. After
development inMIBK/IPA 1:3 solution for 60 s, contact materials
(Ti/Au, 3/100 nm thickness) were evaporated and lifted off in
acetone. The heavily doped SiO2/Si substrate was used as the
back gate. Electrical characterization of OFET devices were
carried out using a Keithley 4200 semiconductor characteriza-
tion system with a shielded probe station with a micromanipu-
lator in ambient air at room temperature.

Raman Spectroscopy. Resonance Raman spectroscopy was
conducted in MeCN using an invertedmicroscope (Nikon Ti�U)
equipped with a 50� objective (Nikon, Plan Fluor ELWD,
numerical aperture of 0.55). The glass cell was epi-illuminated
with continuous-wave laser light from Spectra Physics Millennia
XV laser operating at 532 nm. Laser power (Iex) was 61 μW at the
sample, which we confirmed did not cause photodegradation of
the sample. Scattered light was collected using the same objec-
tive, filtered for residual laser light (Semrock, Razoredge, longpass
532), and focused on the entrance slit of a 1/3 m imaging
spectrograph (SP2300, Princeton Instruments). The Raman light
was dispersed using a 1200 groove/mm grating and collected on
a LN2-cooled CCD (Spec10:400BR, Princeton Instruments). Experi-
mental conditions: λex = 532nm, Iex = 61μW, acquisition time (taq)
was 10 s. Solid-state Raman spectroscopy was conducted using
the same experimental instrumentations except that the crystal
samples were placed on a #1.5 coverslip (Warner Instruments).
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