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Dipole moments were measured for a series of substituted benzenes, biphenyls, terphenyls,
C-monoaryl- and C,C′-diaryl-p-carboranes. For the donor–bridge–acceptor systems, Me2N–X–NO2,
where X is 1,4-phenylene, biphenyl-4,4′-diyl, terphenyl and 1,4-C6H4-p-CB10H10C-1,4-C6H4,
the measured interaction dipole moments are 1.36, 0.74, 0.51 and 0.00 D, respectively. The
magnitude of the dipole moment reflects the ability of the bridge to transmit electronic
effects between donor and acceptor groups. Thus, whilst the 1,4-phenylene bridges allow
moderate electronic interactions between the remote groups, the p-carboranediyl unit is less
efficient as a conduit for electronic effects. Averaged dipole moments computed at the DFT
(B3LYP/6-31G*) level of theory from two distinct molecular conformers are in good agree-
ment with the experimental values. Examination of the calculated electronic structures pro-
vides insight into the nature of the interactions between the donor and acceptor moieties
through these 2D and 3D aromatic bridges. The most significant cooperative effect of the
bridge on the dipole moment occurs in systems where there is some overlap between the
HOMO and LUMO orbitals. This orbital overlap criterion may help to define the difference
between “push-pull” systems in which electronic effects are mediated by the bridging moi-
ety, and simpler systems in which the bridge acts as an electronically innocent spacer unit
and through-space charge transfer/separation is dominant.
Keywords: Donor–bridge–acceptor systems; Terphenyls; p-Carboranylenes; Dipole moments;
HOMO-LUMO; Electronic transmission; Carboranes; Substituent effects, DFT calculations.
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Current interest in donor–bridge–acceptor systems in which the donor and
acceptor moieties are linked by a bridge mediating interaction between
them stems from the large excited-state dipole moments that can arise by
photoinduced intramolecular charge transfer. Large differences between
the ground and excited state dipole moments can lead to a significant non-
linear optical response1. Weakly coupled donor–bridge–acceptor systems
are also of interest as potential candidates for molecular scale rectifiers2. We
are currently interested in surveying various bridging elements for their
ability to act as efficient conduits of electronic effects in donor–bridge–
acceptor systems; here we report dipole moment measurements on systems
where the bridge consists of one, two or three 1,4-phenylene units, 1–3
(Chart 1). Similar data from a related system containing a p-carboranediyl
unit, -CB10H10C-, 4, permits a comparison of the relative efficacy of the
p-carboranediyl and 1,4-phenylene moieties as conduits for electronic ef-
fects between 4-(dimethylamino)phenyl and 4-nitrophenyl moieties.

Dipole moment measurements have been used to estimate the electron
distribution, and hence interactions between donor and acceptor groups, in
molecules since the early 1930s. In the case of a typical linear donor–
bridge–acceptor compound D–X–A, assuming the constituent dipole mo-
ments to be colinear, the difference between the vector sum of the dipole
moments of monofunctional model systems, H–X–A (µA) and D–X–H (µD),
and that of the bifunctional compound D–X–A (µDA) represents an interac-
tion (or mesomeric) moment µint (ref.3).

µint = µDA – (µD + µA) (1)
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From values of µDA 6.93 D for 1, µA 4.00 D for nitrobenzene (5) and µD 1.57 D
for N,N-dimethylaniline (6) (Chart 1), Eq. (1) gives µint = 1.36 D for the sim-
ple 1,4-phenylene compound 1. This large µint value, which is one of the
highest interaction moments measured, is indicative of the ability of the
1,4-phenylene bridge to permit interactions between the remote groups4.
Here we report the dipole moments of 4-(dimethylamino)-4′′ -nitrobiphenyl
(2) and 4-(dimethylamino)-4′′ -nitro-p-terphenyl (3) and discuss the effect of
inserting additional 1,4-phenylene units into the bridging moiety on the
interaction moment in comparison with that of 1. Since the p-C···C dis-
tances in benzene and closo-1,12-C2B10H12, p-carborane, are similar (2.77
and 3.04 Å, respectively5), we have also measured dipole moments of
selected aryl-p-carboranes. This is, to the best of our knowledge, the first
report of experimentally determined dipole moments of aryl-p-carboranes.
In addition, the donor–acceptor-substituted carborane system 1-[4-(di-
methylamino)phenyl-12-(4-nitrophenyl)-p-carborane6 (4) has been com-
pared with 4-(dimethylamino)-4′′ -nitro-p-terphenyl (3) to assess the relative
ability of the cage and 1,4-phenylene to act as a transmitter of electronic
interactions, as determined by dipole moment measurements. The ability
of the p-carboranediyl unit as a transmitter of electronic interactions has
been investigated by other techniques and the general consensus so far has
been that the cage can transmit electron density7.

The experimental dipole moments measured for aromatic and carborane
compounds with the widely used NMe2 donor and NO2 acceptor groups
were compared with computed dipole moments. The dipole moments cal-
culated for a weighted average of the rotational conformers are in good
agreement with the experimental data. The experimental interaction (or
mesomeric) moments µint are also reproduced well by computations.

EXPERIMENTAL

Syntheses
The biphenyls and arylcarboranes used in this work and listed in Table I were purchased
from commerical sources and used as received, or prepared according to the literature proce-
dures6,8. Compound 3 was prepared from p-terphenyl as detailed below. 1H and 13C NMR
spectra (δ, ppm; J, Hz) were measured on a Varian Inova 400 instrument with TMS as an in-
ternal standard, IR spectra (νmax, cm–1) were measured on a Perkin–Elmer 684 FTIR instru-
ment.

Synthesis of 4-(Dimethylamino)-4′′ -nitro-p-terphenyl (3)

a) 4,4′′ -Dinitro-p-terphenyl9. A sample of p-terphenyl (2.76 g, 12 mmol) was dissolved in a
hot mixture of acetic acid (100 ml, 98%) and acetic anhydride (2 ml). Fuming HNO3 (15 ml)
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was added dropwise to the stirred solution over 2 h. The resulting mixture was cooled, the
precipitated 4,4′′ -dinitro-p-terphenyl collected by filtration and washed with water. Re-
crystallization from pyridine gave yellow needles. Yield 0.95 g (25%), m.p. 273–274 °C
(ref.9 gives 272–274.5 °C). 1H NMR (pyridine-d5, 60 °C): 7.86 (4 H, s); 7.87 (4 H, m); 8.35
(4 H, m). 13C NMR (pyridine-d5, 60 °C): 124.5, 128.19, 128.55, 139.38, 146.65, 147.91.
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TABLE I
Measured ground-state dipole moments and measured interaction moments (where avail-
able) in debye (D) for donor–bridge–acceptor (D–X–A) and monofunctional (H–X–A and
D–X–H) systems in benzene

Compd D/H X A/H µexp
a (µD + µA)b µint

c

1 Me2N C6H4 NO2 6.93 5.57 1.36

2 Me2N C6H4–C6H4 NO2 6.91 6.17 0.74

3 Me2N C6H4–C6H4–C6H4 NO2 6.75 6.24 0.51

4 Me2N C6H4–CB10H10C–C6H4 NO2 6.20 6.20d 0.00

5 H C6H4 NO2 4.00

H2N C6H4 H 1.56e

6 Me2N C6H4 H 1.57e

H2N C6H4 NO2 6.27 5.56 0.71

9 H C6H4–C6H4 NO2 4.32

10 Me2N C6H4–C6H4 H 1.85

H2N C6H4–C6H4 NO2 6.42 6.17 0.25

H C6H4–C6H4–C6H4 NO2 4.40

Me2N C6H4–C6H4–C6H4 H 1.84

H2N C6H4–C6H4–C6H4 NO2 6.18

7 H C6H4–CB10H10C NO2 3.88

H C6H4–CB10H10C CF3 2.36

8 Me2N C6H4–CB10H10C H 2.32

MeO C6H4–CB10H10C H 1.62

HO C6H4–CB10H10C H 1.73

MeO C6H4–CB10H10C–C6H4 NO2 4.85

HO C6H4–CB10H10C–C6H4 NO2 4.77

a µexp, measured dipole moment. b From µexp values of monofunctional systems D–X–H and
H–X–A defined as µD and µA, respectively. c µint, values based on Eq. (1). d From µint values
of 7 and 8 for µA and µD, respectively. e Taken from ref.19



b) 4-Amino-4′′ -nitro-p-terphenyl10. A solution of 4,4′′ -dinitro-p-terphenyl (0.45 g, 1.40 mmol)
in pyridine (11.5 ml) was refluxed for 1 h before a solution of Na2S·9H2O (0.5 g, 2.11 mmol)
in water (22 ml) saturated with H2S was added over 1 h. After 30 min, the mixture was
cooled and an orange precipitate was separated by filtration. The crude product was dis-
solved in DMF (5 ml), silica gel (2 g) was added and the solvent was removed in vacuo.
Flash chromatography on silica (benzene–dichloromethane–DMF 60:30:1) gave an orange
powder identified as 4-amino-4′′ -nitro-p-terphenyl. Yield 186 mg (46%), m.p. 302–303 °C
(ref.10 gives 300–301 °C). IR (Fluorolube ): 3489 (N–H), 3388 (N–H), 1499 (NO2), 1337
(NO2). 1H NMR (DMSO-d6): 5.33 (2 H, s); 6.66 (2 H, m); 7.46 (2 H, m); 7.7 (2 H, m); 7.79
(2 H, m); 7.99 (2 H, m); 8.30 (2 H, m). 13C NMR (DMSO-d6): 114.2, 124.1, 125.8, 126.0,
127.2, 127.3, 127.6, 134.6, 141.3, 146.29, 146.32, 148.9.

c) 4-(Dimethylamino)-4′′ -nitro-p-terphenyl (3)11. A mixture of 4-amino-4′′ -nitro-p-terphenyl
(150 mg, 0.516 mmol) and dimethyl sulfate (0.4 ml, 4.2 mmol) was heated until all the
solid dissolved. Powdered K2CO3 (600 mg, 4.26 mmol) and DMF (2 ml) were added. This
paste was heated in a microwave oven (800 W output) for 5 s, stirred and again heated for
12 s. The cooled mixture was extracted with warm DMF (4 × 4 ml), the extract was concen-
trated to 6 ml using a rotary evaporator and silica gel (4 g) was added. The resulting paste
was dried in vacuo (0.01 mm Hg at 100 °C). Flash chromatography on silica (benzene–ethyl
acetate 2:1) gave 4-(dimethylamino)-4′′ -nitro-p-terphenyl as an orange powder. Yield 52 mg
(46%), m.p. 320–321 °C (ref.11 gives 319–320 °C). 1H NMR (DMSO-d6): 2.96 (6 H, s); 6.17
(2 H, d, m); 7.44 (2 H, m); 7.80 (2 H, m); 7.81 (2 H, m); 7.98 (2 H, m); 8.30 (2 H, m).
13C NMR (DMSO-d6): 41.4, 107.2, 122.1, 125.2, 126.0, 127.2, 127.3, 127.6, 134.6, 141.3,
146.29, 146.32, 148.9.

Dipole Moments

Dipole moments were determined at 25 °C in benzene (usually with five solutions, weight
fractions (%) from 2.0 × 10–4 to 1.2 × 10–3; for substituted p-terphenyls, due to their very
limited solubility in benzene, concentrations were in the range from 3.2 × 10–5 to 1.1 × 10–4

mol l–1); relative permittivities were measured at 6 MHz in home-made equipment12 with di-
rect frequency reading. Refractive indices were measured on an Aerograph Refractive Index
Detector (Varian). The dipole moments were obtained by extrapolation to infinite dilution
by the methods of Guggenheim12 and Smith13.

Computational Details

All computations were carried out with the Gaussian03 package14. Geometry optimizations
were carried out at the B3LYP/6-31G* level of theory15,16, without symmetry constraints.
Frequency computations with the optimized geometries gave no imaginary frequencies, indi-
cating the geometries are true minima. The use of the HF/6-31G* and MP2/6-31G* levels
gave similar geometries except for the dimethylamino group that can be pyramidal or pla-
nar. The computed dipole moments at these three levels of theory are similar and, thus,
only results obtained at the B3LYP/6-31G* level of theory are discussed here. Geometries
with constrained torsion angles were also optimized and found from frequency calculations
to have imaginary frequencies (usually one for every torsion angle constrained). There is a
good agreement between the geometrical parameters for geometries computed here and ex-
perimental X-ray data of related compounds17,18, which gives a further degree of confidence
in the accuracy of the calculations.
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RESULTS AND DISCUSSION

Dipole Moment Measurements

Dipole moments (µexp) were measured for a series of aromatic compounds
in benzene (Table I). The “push-pull” terphenyl 3 was synthesized in three
steps from p-terphenyl as detailed in Experimental.

The interaction (or mesomeric) moments µint 1.36, 0.74 and 0.51 D for 1,
2 and 3, respectively, can be calculated from Eq. (1), using the measured di-
pole moments of the related monosubstituted derivatives, D–X–H and
H–X–A (Table I). The interaction moments decrease with the increasing
number of 1,4-phenylene units and, hence, the increasing donor–acceptor
N···N distance (N···N (in Å): 5.4 (1), 9.9 (2) and 14.3 (3)). Nevertheless, the
variation of µint is nonlinear with distance, and the interaction moment
for 3 remains substantial, indicating that the p-terphenyl-4,4′′ -diyl bridge
can transmit long-range electronic interactions.

The dipole moments of the monoaryl-p-carboranes containing NO2
(1-(4-nitrophenyl)-p-carborane (7)) and NMe2 (1-[4-(dimethylamino)phenyl-
p-carborane (8)) groups in the para positions of the benzene ring (Chart 2)
are 3.88 and 2.32 D, respectively. A comparison of these data with the
dipole moments of 4.32 and 1.85 D in biphenyls, 4-nitrobiphenyl (9) and
4-(dimethylamino)biphenyl (10) (Chart 2) shows that the p-carborane-
1,12-diyl is a stronger electron acceptor than the phenyl group, manifested
by the change in dipole moment by ±0.4 D. The o-carborane analogue of 7,
where the cage carbons occupy adjacent vertices, has a dipole moment of
4.50 D 20 and, thus, is an even stronger acceptor than the p-carborane cage.

The measured dipole moment of the donor–bridge–acceptor carborane-
diyl system diphenyl-p-carborane 4 (6.20 D) is the sum of dipole moments
of the partial model systems 7 and 8. The N···N distance is similar in both 3
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(14.3 Å) and 4 (14.6 Å), yet the dipole moment of 4 is some 0.55 D smaller
than that of terphenyl 3. Clearly, the introduction of the better electron
acceptor carborane cage decreases the overall molecular dipole moment.
There is little evidence for a “cooperative” effect leading to an increased
dipole moment in comparison with the sum of the components.

Dipole Moment Computations

The low-energy barriers to some rotations of the rings, cages, NMe2 and
NO2 groups around the various N–C and C–C bonds leads to a population
of a range of molecular conformations in solution, and, therefore, the mea-
sured dipole moments in Table I correspond to the weighted average of ro-
tational conformers. This non-uniform set of molecular geometries leads to
fundamental difficulties when comparing experimental data with those cal-
culated from a single static optimized geometry21.

Rotation Effects on Calculated Dipole Moments

Full geometry optimization of nitrobenzene at the B3LYP/6-31G* level of
theory gave a calculated dipole moment of 4.58 D with the coplanar nitro
group in (5A in Chart 3). When the nitro group is constrained to be per-
pendicular (5B) to the ring, the calculated dipole moment is 4.02 D.
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Clearly, the orientation of the ring and NO2 groups and, hence, the conju-
gation between the two π-systems, plays a role in determining the calcu-
lated dipole moment. A model for the population distribution can be
constructed by considering a set of conformationally constrained molecules
in which the C–C–N–O torsion angle (ω1) between the plane of the aro-
matic ring and the nitro group is varied between 0 and 90° in 10° steps. The
numerical average of the resulting ten calculated dipole moments is 4.35 D.

The energy barrier between the pyramidal and planar geometries of NMe2
is known to be small, and, consequently, the preference of one form over
the other depends on the level of theory used22. A full geometry optimiza-
tion of N,N-dimethylaniline gave a geometry (6C, C is defined here and
elsewhere as a true minimum if different from the planar geometry A (see
Chart 3)) with a pyramidal NMe2 group at the B3LYP/6-31G* level of the-
ory. With the degree of pyramidalization of the NMe2 group unconstrained,
the calculated dipole moment of the geometry with the C–C–N–C torsion
angle (ω2) at 0° (6A: a planar NMe2 group is obtained) is 2.02 D whereas at
ω2 = 90° (6D where a pyramidal NMe2 group is preferred) is 0.68 D and the
numerical average of the ten model geometries derived from stepwise rota-
tion of the torsion angle ω2 is 1.33 D. However, when the NMe2 group
is constrained to be planar, the calculated dipole moment at ω2 = 90° is
0.03 D (6B) and, therefore, the average of ten calculated dipole moments
with planar NMe2 groups is lower than 1.08 D. The very large variation in
the calculated dipole moment as a function of both the geometry at nitro-
gen (planar/pyramidal) and the relative orientation of the NMe2 group with
respect to the plane of the aryl ring is remarkable.

The influence of rotation of two benzene rings on the dipole moment of
the biphenyl compounds was also examined, using 2 as a typical example.
The dipole moment was calculated for a series of models with only the
inter-ring C–C–C–C torsion angle (ω3) being constrained at 10° intervals.
The computed dipole moments vary between 9.50 D (ω3 = 0°, 2D) and
7.64 D (ω3 = 90°, 2E) with a number weighted average of 8.64 D.

In the case of the monoaryl carboranes 7 and 8, rotation of the carborane
group, which has a very small unique rotation range of 18° compared with
90° for a phenyl group, has little influence on the computed dipole mo-
ments that vary by only 0.06 D for 7 and 0.10 D for 8. Given the negligible
effect of the rotation of the cage on dipole moments, the p-carborane cage
can be considered cylindrically symmetrical in much the same fashion as
an ethynyl (or diynyl) group.
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Comparison of Measured and Computed Dipole Moments

The preceding studies indicate that, in regard to the calculated dipole mo-
ments, the most significant conformational changes in compounds 1–6
concern the angles ω2 and ω3. The position of the nitro group, expressed by
ω1, is less significant, but still worthy of inclusion in the overall assessment
of the molecular dipole moment. However, the carboranediyl cage in 4 can
be regarded as offering effectively cylindrical symmetry and, hence, rota-
tion effects around the Caryl–Ccage bonds can be neglected. In addition, the
average dipole moment calculated from simply two values of 0 and 90°
for both ω1 and ω2 is similar to that obtained by averaging the calculated
dipole moments from ten conformational models in which ω1 and ω2 are
stepped in 10° increments. To simplify the treatment, average dipole mo-
ments were calculated for the series in Table II from models with torsion
angles constrained to ω1 = ω2 = ω3 = 0° for µ0 and ω1 = ω2 = ω3 = 90° for µ90.
These models are labeled A and B, respectively, to represent these specific
constraints for all the systems discussed here. The NMe2 group was con-
strained to be planar in all cases. The dipole moments (µfull) calculated from
the most stable fully optimized geometries (which were found to be non-
planar for those containing NMe2 and biphenyl groups) and the experi-
mentally determined dipole moments (µexp) are also included in Table II for
the purpose of comparison. There is good general agreement between the
observed and average computed dipole moments for all compounds in
Table II, despite the fact that the averaged dipole moments are computed
from only two conformers. A more accurate computed dipole moment on a
molecule would be expected from a time-consuming and computationally-
intensive analysis of all possible conformers, weighted against the conform-
ational population distribution in solution at room temperature which
might be estimated from the relative energies of the conformers. However,
such estimates are extremely complex as the influence of the surrounding
solvent molecules on the conformational distribution and local dipoles
should also be considered.

Table III shows the computed interaction moments calculated for com-
pounds 1–4, with ω1 = ω2 = ω3 = 0° (A) and ω1 = ω2 = ω3 = 90° (B), together
with the interaction moments (µint) calculated from experimental data
where available. The computed interaction moments (µint(0)) for the planar
geometries agree very well with the observed interaction moments for 1–4.
The computed interaction moments for the perpendicular geometries
(µint(90)) are negative and generally small. The averaged interaction mo-
ments computed are based on two extreme conformations that are assumed
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to be equally populated in solution for convenience. While the averaged
interaction moments computed are clearly underestimated compared to
observed interaction moments, the trends of the averaged interaction mo-
ments are in agreement with the observed trends.

Electronic Structure Computations

Molecular orbital calculations were carried out on the three 1,4-phenylene
systems 1–3 where the geometries are fully planar (A, ω1, ω2 and ω3 = 0°) or
fully perpendicular (B, ω1, ω2 and ω3 = 90°) with the NMe2 group con-
strained to be planar. In addition, Table IV shows orbital energies and per-
centage orbital group compositions for the geometry 1A, containing all
groups (NO2, NMe2, C6H4) in plane, and for the geometry 1B with each
group perpendicular to each other. The HOMO and LUMO for the planar
(A) and perpendicular (B) geometries of 1–3 involve all three groups but the
perpendicular geometries contain HOMOs largely localized at the amino
groups and LUMOs largely localized at the nitro groups. Clearly, the
orientational dependence of the π-orbitals in the 1,4-phenylene unit re-
flects the ability of the 1,4-phenylene unit to transmit electronic inter-
actions between donor and acceptor groups (i.e., to mix the donor- and
acceptor-localized wavefunctions).

The 1,12-carborane-1,12-diyl system 4, in which the orientation of the
cage has a small effect on the computed dipole moment, was compared
with the structurally similar all-1,4-phenylene system 3. Two geometries
of p-terphenyl 3 were considered in which the central 1,4-phenylene unit
is either simply constrained to be planar (ω3 = 0°, 3D) or perpendicular
(ω3 = 0°, 3E) to the neighboring phenylene units. The computed dipole mo-
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TABLE III
Comparison of measured and computed interaction moments in debye (D)

Compd µint
a µint(0)

b µint(90)
c (µint(0) + µint(90))/2

d

1 1.36 1.47 –0.04 0.72

2 0.74 0.93 –0.21 0.36

3 0.51 0.58 –0.10 0.24

4 0.04 0.19 –0.16 0.02

a Measured interaction moment. b Computed interaction moment from µ0 values in Table II.
c Computed interaction moment from µ90 values in Table II. d Average computed interaction
moment.



ments for 3D, 3E and the fully optimized geometry 4C are 10.14, 7.79 and
8.62 D, respectively. The frontier orbitals (HOMO and LUMO) for the three
geometries are shown in Fig. 1. The orbital energies and group orbital con-
tributions are listed in Table V.

It is clear from the computed data that geometries 3E and 4C have simi-
lar electronic structures, which is also reflected in the similar values of the
calculated dipole moments. In each case, 3E and 4C, the HOMO and
LUMO, respectively, are localized on the NMe2C6H4- and NO2C6H4- groups,
with little involvement of the central cage or 1,4-phenylene unit. The
p-carboranediyl plays a similar role as a 1,4-phenylene; the latter is forced
to adopt a perpendicular orientation to the NO2C6H4- and NMe2C6H4-
groups and both act as spacers or weak transmitters of electronic inter-
actions between donor and acceptor groups. In contrast, both HOMO and
LUMO for the planar geometry 3D involve significant contributions from
the central part of the bridging moiety.
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TABLE IV
Orbital energies and percentage orbital compositions for planar and perpendicular geome-
tries 1A and 1B, respectively

MO eV NO2 C6H4 NMe2

1A (0°), total energy E = –570.72352 hartree

47 L+2 0.71 25 67 8

46 L+1 –0.38 0 99 1

45 LUMO –1.83 65 30 5

44 HOMO –5.82 6 50 44

43 H-1 –7.27 5 95 0

42 H-2 –7.33 97 3 0

1B (90°), total energy E = –570.70099 hartree

47 L+2 –0.62 3 92 5

46 L+1 –0.67 0 99 1

45 LUMO –1.89 96 4 0

44 HOMO –6.13 3 26 72

43 H-1 –7.25 29 51 20

42 H-2 –7.46 1 98 0
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TABLE V
Orbital energies and percentage orbital compositions for 3D, 3E and 4C

MO eV NO2 C6H4(NO2) C6H4 C6H4(NMe2) NMe2

p-Terphenyl 3D, E = –1032.82992 hartree

88 L+3 –0.21 0 27 23 50 1

87 L+2 –0.62 0 66 28 6 0

86 L+1 –1.01 24 11 40 22 3

85 LUMO –2.32 49 35 12 3 1

84 HOMO –5.14 1 5 19 45 31

83 H-1 –6.46 3 29 38 11 19

82 H-2 –6.86 0 1 22 78 0

81 H-3 –7.03 0 4 74 22 0

p-Terphenyl 3E, E = –1032.82470 hartree

88 L+3 –0.19 0 17 50 32 0

87 L+2 –0.22 0 3 94 3 0

86 L+1 –0.74 0 80 18 2 0

85 LUMO –2.31 64 34 1 0 0

84 HOMO –5.21 0 0 2 53 45

83 H-1 –6.68 0 0 6 93 0

82 H-2 –6.77 0 4 91 5 0

81 H-3 –6.96 0 2 92 6 0

Carborane 4C, E = –1132.67788 hartree

104 L+3 –0.24 0 3 10 86 1

103 L+2 –0.73 15 18 47 17 2

102 L+1 –0.89 0 90 8 1 0

101 LUMO –2.51 59 36 4 0 0

100 HOMO –5.43 0 0 4 51 45

99 H-1 –6.94 0 0 1 99 0

98 H-2 –7.54 5 69 12 7 7

97 H-3 –7.63 3 96 1 0 0



CONCLUSIONS

Dipole moments were measured for the three systems 1–3 where one, two
or three 1,4-phenylene unit(s) are linked to donor NO2 group and acceptor
NMe2 group. The interaction moments in benzene (1), biphenyl (2) and
terphenyl (3) decrease as the number of 1,4-phenylene units in the bridge
increases. Nevertheless, the substantial interaction moments show that the
phenylene bridges are moderate conduits of electron interactions in these
“push-pull” systems. By contrast, the interaction moment for the system 4
where a p-carborane-1,12-diyl unit replaces the central 1,4-phenylene unit
in terphenyl 3, is very small. The p-carboranylene unit contributes little to
promoting donor–acceptor electron interactions in these “push-pull” systems
and can be described as a spacer.

The dipole moments for these systems, computed at the DFT (B3LYP/6-31G*)
level of theory, depend on the conformation of their molecular geometries
where planar and perpendicular geometries offer the highest and lowest
computed dipole moments, respectively. The agreement between measured

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 1, pp. 131–146

144 Drož et al.:

FIG. 1
Frontier orbitals for computed geometries of p-terphenyl 3D, p-terphenyl 3E and carborane 4C



and average calculated dipole and interaction moments for aromatics and
arylcarboranes are acceptable. Dipole moment computations at the DFT
level of theory may therefore be used for prediction of the ability of the
bridge to transmit electronic interactions between donor and acceptor
groups when many conformers expected in solution are taken into account.
Based on electronic structure computations, the orientation dependence of
the π-orbitals in the 1,4-phenylene unit reflects its ability to transmit elec-
tronic interactions between donor and acceptor groups. If the central
1,4-phenylene unit in 3 is constrained to be perpendicular to its neighbor-
ing rings, the frontier orbitals for 3 remarkably resemble those for the re-
lated carborane 4.

Therefore, it can be concluded that the most significant cooperative ef-
fect of the bridge on the dipole moment occurs in systems where there is
some overlap between the HOMO and LUMO orbitals. This orbital overlap
criterion may help define the difference between “push-pull” systems, in
which electronic effects are mediated by the bridging moiety, and simpler
systems in which the bridge acts as an electronically innocent spacer-unit
and through space charge transfer/separation is dominant.

Financial support of the Ministry of Education, Youth and Sports of the Czech Republic (project
LC523) and EPSRC (GR/S80943/01) is greatly appreciated.

REFERENCES

1. a) Prasad P. N., Williams D. J.: Nonlinear Optical Effects in Molecules and Polymers. Wiley,
New York 1991; b) Chemla D. S., Zyss J.: Nonlinear Optical Properties of Organic Molecules
and Crystals. Academic Press, New York 1987.

2. Aviram A., Ratner M. A.: Chem. Phys. Lett. 1974, 29, 277.
3. Exner O.: Dipole Moments in Organic Chemistry. Georg Thieme Publishers, Stuttgart 1975.
4. Böhm S., Exner O.: J. Mol. Struct. (THEOCHEM) 2007, 803, 9.
5. a) Schleyer P. v. R., Najafian K.: Inorg. Chem. 1998, 37, 3454; b) Fox M. A., Cameron A. M.,
Low P. J., Paterson M. A. J., Batsanov A. S., Goeta A. E., Rankin D. W. H., Robertson
H. E., Schirlin J. T.: Dalton Trans. 2006, 3544; c) Turner A. R., Robertson H. E., Borisenko
K. B., Rankin D. W. H., Fox M. A.: Dalton Trans. 2005, 1310.

6. Fox M. A., MacBride J. A. H., Peace R. J., Wade K.: J. Chem. Soc., Dalton Trans. 1998, 401.
7. a) Fox M. A., Paterson M. A. J., Nervi C., Galeotti F., Puschmann H., Howard J. A. K.,
Low P. J.: Chem. Commun. 2001, 1610; b) Endo Y., Taoda Y.: Tetrahedron Lett. 2001, 42,
6327; c) Wedge T. J., Herzog A., Huertas R., Lee M. W., Knobler C. B., Hawthorne M. F.:
Organometallics 2004, 23, 482; d) Le Guennic B., Costuas K., Halet J. F., Nervi C.,
Paterson M. A. J., Fox M. A., Roberts R. L., Albesa-Jové D., Puschmann H., Howard J. A. K.,
Low P. J.: C. R. Chim. 2005, 8, 1883; e) Ghirotti M., Schwab P. F. H., Indelli M. T.,
Chiorboli C., Scandola F.: Inorg. Chem. 2006, 45, 4331; f) Fox M. A., Roberts R. L., Baines

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 1, pp. 131–146

Dipole Moments in Donor–Bridge–Acceptor Systems 145



T. E., Le Guennic B., Halet J.-F., Hartl F., Yufit D. S., Albesa-Jové D., Howard J. A. K., Low
P. J.: J. Am. Chem. Soc. 2008, 130, 3566.

8. Drož L.: Ph.D. Thesis. Charles University, Prague 2006; and references therein.
9. Culling P., Gray G. W., Lewis D.: J. Chem. Soc. 1960, 1547.
10. Culling P., Gray G. W., Lewis D.: J. Chem. Soc. 1960, 2699.
11. Krasovitskii B. M., Popova N. A., Yushko E. G., Golyanskii B. V., Tur I. N.: Chem.

Heterocycl. Comp. 1983, 29.
12. Guggenheim E. A.: Trans. Faraday Soc. 1949, 45, 714.
13. Smith J. W.: Trans. Faraday Soc. 1950, 46, 256.
14. Frisch M. J., Trucks G. W., Schlegel H. B., Scuseria G. E., Robb M. A., Cheeseman J. R.,

Montgomery J.A., Jr., Vreven T., Kudin K. N., Burant J. C., Millam J. M., Iyengar S. S.,
Tomasi J., Barone V., Mennucci B., Cossi M., Scalmani G., Rega N., Petersson G. A.,
Nakatsuji H., Hada M., Ehara M., Toyota K., Fukuda R., Hasegawa J., Ishida M., Nakajima T.,
Honda Y., Kitao O., Nakai H., Klene M., Li X., Knox J. E., Hratchian H. P., Gross J. P.,
Adamo C., Jaramillo J., Gomperts R., Stratmann R. E., Yazyev O., Austin A. J., Cammi R.,
Pomelli C., Ochterski J. W., Ayala P. Y., Morokuma K., Voth G. A., Salvador P.,
Dannenberg J. J., Zakrzewski V. G., Dapprich S., Daniels A. D., Strain M. C., Farkas O.,
Malick D. K., Rabuck A. D., Raghavachari K., Foresman J. B., Ortiz J. V., Cui Q.,
Baboul A. G., Clifford S., Cioslowski J., Stefanov B. B., Liu G., Liashenko A., Piskorz P.,
Komaromi I., Martin R. L., Fox D. J., Keith T., Al-Laham M. A., Peng C. Y.,
Nanayakkara A., Challacombe M., Gill P. M. W., Johnson B., Chen W., Wong M. W.,
Gonzalez C., Pople J. A.: Gaussian 03, Revision C.02. Gaussian, Inc., Wallingford, CT
2004.

15. a) Becke A. D.: J. Chem. Phys. 1993, 98, 5648; b) Lee C., Yang W., Parr R. G.: Phys. Rev. B
1988, 37, 785.

16. a) Petersson G. A., Al-Laham M. A.: J. Chem. Phys. 1991, 94, 6081; b) Petersson G. A.,
Bennett A., Tensfeldt T. G., Al-Laham M. A., Shirley W. A., Mantzaris J.: J. Chem. Phys.
1988, 89, 2193.

17. For X-ray data of related terphenyls, see a) Baudour J. L., Cailleau H., Yelon W. B.: Acta
Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem. 1977, 33, 1773; b) Haase W.,
Paulus H., Fan Z. X., Ibrahim I. H., Mokhles M.: Mol. Liq. Cryst. 1989, 6, 113; c) Chung
D. B., Carpenter R. E., de Vries A., Reed J. W., Brown G. H.: J. Cryst. Mol. Struct. 1978,
8, 81.

18. For X-ray data of related diaryl-p-carboranes, see a) Colquhoun H. M., Herbertson P. L.,
Wade K., Baxter I., Williams D. J.: Macromolecules 1998, 31, 1694; b) Colquhoun H. M.,
Lewis D. F., Herbertson P. L., Wade K., Baxter I., Williams D. J.: Spec. Publ. R. Soc. Chem.
2000, 253, 59; c) Zlatogorsky S., Ellis D., Rosair G. M., Welch A. J.: Chem. Commun.
2007, 2178; d) Batsanov A. S., Fox M. A., Howard J. A. K., Wade K.: J. Organomet. Chem.
2000, 597, 157.

19. McClellan A. L.: Tables of Experimental Dipole Moments. W. H. Freeman & Co., San
Francisco, London 1963.

20. Hnyk D., Všetečka V., Drož L., Exner O.: Collect. Czech. Chem. Commun. 2001, 66, 1375.
21. a) Barzoukas M., Fort A., Klein G., Boeglin A., Serbutoviez C., Oswald L., Nicoud J. F.:

Chem. Phys. 1991, 153, 457; b) Barzoukas M., Fort A., Klein G., Serbutoviez C., Oswald L.,
Nicoud J. F.: Chem. Phys. 1992, 164, 395.

22. a) Gorse A.-D., Pesquer M.: J. Mol. Struct. (THEOCHEM) 1993, 281, 21; b) Brouwer A. M.,
Wilbrandt R.: J. Phys. Chem. 1996, 100, 9678.

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 1, pp. 131–146

146 Drož et al.:


