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Electric Polarization of Dilute Polar Solutions: Revised Treatment for Arbitrary
Shaped Molecules
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A model for deducing dipole moments of solute molecules from the electric polarization of dilute solutions

is revised. The treatment represents a modified Onsager model extended toward arbitrary-shaped molecules.
A simplified approach for data evaluation is suggested and compared with the analytical solution for an
ellipsoidal cavity and with a numerical solution for two spherical ions.

Introduction In the Onsager model, interaction of the dipole with other
surrounding dipoles is neglected apart from the effect of
changing the cavity field. The average dipole moment will have
a nonzero projection along the external field, which, in the limit
of small external fields, can be calculated as a sum of an
orientational part

Onsager’s semicontinuum modl& widely used for treating
solvent effects in various situatichginging from the calculation
of reorganization and solvation energies to evaluation of
dielectric properties of solutions. In this model, a molecule is
represented as a point dipole that is placed in the center of a
spherical cavity of radius (representing the molecule) and

i'-E 2
surrounded by a dielectric continuum with the dielectric constant 0= [7'e "@'®TdQ = [7'|1+ (a ‘))dg =L _E
of a solvent,e. Solvent polarization by the dipole leads to a keT 3kgT ©6)
reaction field,R
and a polarizability parte’E.. The total electric polarization,
Refy—1 2(e—-1) B P, which is a measure of the average dipole moment per unit
H ad 2+1 H volume of the solution, is equal to
72 !2
that in turn polarizes the molecule. This results in an enhanced . , HUo ., Ms
molecular dipole momenjy' P = (Eono| &% + 3k T + (EJnd o + 3Kk T @)
., Mg Ug 5 where n, and ns are solvent and solute number densities,
=1 "%a o 2(e — 1) @) respectively. Imposing a constraint that the total volume is a

sum of the volumes of the components leads to the deriviaion
of an expression for the electric polarization of a dilute solution

. . . in the external electric fiel
whereugq is the molecule’s gas-phase dipole moment arid o

its polarizability. The electric polarization of a solution can be ﬂ,z
calculated using the orientational distribution functiongg), P=P + Z(psns al+ s E, (8)
for the solute and solvent dipole moments. The funct\/ig) kg

(for each type of dipoles) are related to a Boltzman distribution

of the dipole energyU(6), in the external field whereP; is the polarization of the neat solvent scaled for the

change in volume due to the dissolved solutes. The fagior
W) = o UONKT 3)

3e )2 (2¢ + n%)2 ©

vs=|
* 2+ 1) 3022+ np)

where the angle) is given with respect to the field. In the
Onsager model, the dipole energy is equal to the interaction
energy of the molecules’ point dipole moment with the field depends not only on the solvent dielectric constant but also on

inside the cavity E¢ its refractive indexnp. The summation in eq 8 is extended over
_ all types of solutes.
u(9) = —('"E) = — u'-E. coso 4) Since the reaction field (eq 1) is much stronger than typical
external fields, the dipole momentin eq 2 can be interpreted
For a spherical cavityk. is equal to as the dipole moment of the solute in a particular solvent. With

such an interpretation, the measurement of the solution’s
(E Veonerioa™= 3e E — E rEo ) dielectric constant provides a straightforward method for
spherical” 5. 4 170 sp obtaining an ‘unambiguous’ dipole moment value for the solute.
Moreover, when measuring the dipole moment change due to
* To whom correspondence should be addressed. E-mail: snsm@nmsu.eduphotoexcitation (as is in the photoinduced transient displacement
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current technigue®), the change of the electric polarization P 7 * 5y
shows no dependence on the molecular radiudhis makes y {10 = b +
the technique attractive for analyses of photoinduced electron-/ =/ ¥ ' = [T = + \ 6 [
transfer processes as a ‘direct’ method for measuring the dipole| +.  _ /4 + + ) S RS T Y
moment change. O U\=/ = - )
Following Batcher? we previously tried to extend this . ~ L —=— S
analysis to a broader class of nonspherical molecules by treating A
them as ellipsoids and scaling appropriately the local field factor | [ 1|
inside a nonspherical cavify® As discussed below, this i Y|y
extension did not take into account the effect of solvent A
polarization. Here we correct this shortcoming and suggest an
approximate method for treating generic molecular shapes. A B C D
Figure 1. lllustration of solvent-induced dipole moment for different
Theory mo[ecular (_:avity shapes. The mol_ecul_ar cavity is identified by the \_Nhite
region, while the gray area outside it shows solvent enclosed into a
Onsager’s model prescribes that the potential en&r(f) larger sized spherical cavity together with the molecule. In the case,

in eq 3 can be reduced to that of a point dipole interaction with A, of a spherical molecular cavity, the solute dipole momeatshown
the external field modified by surface charges on the interface by the large plus and minus signs and thick arrow, polarizes solvent in

. . . such a way that net dipole moment induced in the soldntijs zero.
between the cavity and the surrounding solvent. The resulting Cases B yand C repFr)esent the prolate and oblate cavity shapes,

description can be simplified to introducing a new cavity field, regpectively. Solute dipole of a prolate shape induces dipole moment
Ec, on the solute’s point dipole inside the cavity, with the total in the surrounding solventyls (small pluses and minuses and thin
energy of that dipole in the external field given by the same eq arrows), that partially cancels the solute dipole moment, while in the
4, Kirkwood’ pointed out that the assumption of treating the oblate case the solvent induced _complements 'the squFe dipole. In a
solvent as a continuum in the vicinity of the cavity surface is concave molecule (case D) the dl_pole moment induced in the solvent,
oversimplifying and could fail when correlations similar to ™ might counteract the solute dipole to an even greater extent than
. . ._in the prolate case B.
hydrogen bonding exist between molecules. Nevertheless, in
many cases, especially when solutes are larger than solvent L . i . ) i
molecules and no specific interactions are present, this correla-tN€ cavity is filled with a continuum dielectric matching
tion can probably be neglected. One should note that in the casd’roPerties of the solvent. This approach is similar to the
of a spherical cavity, Onsager's assumption of zero contribution Kirkwood model but is much simpler since any short-range-
of the solute-solvent interaction to the distribution function in ~ SPecific interactions in the vicinity of the solute molecule are
eq 4 is consistent with a zero net polarization induced in the Neglected. This should be an acceptable simplification for large
solvent by the solute. Indeed, the integral of the field from a Selutes and can be cautiously applied to small molecules as well.
point dipole,E,, over the region outside a spherical cavity is We will consider exact solutions to simple molecular cavity

exactly zero due to the spherical symmetry shapes and then propose a simplified treatment for arbitrary
shaped molecules.
f Eﬂ av = ?f(pe(r)dé =0 (10) In our model, we describe a total dipole moment from a solute
V>V, S molecule as a superposition of its own dipole momef,and

the induced dipole moment in the solvel;
The situation changes when the cavity is nonspherical. First of

all, the field inside the cavity is different. For example, in an M. = .o+ M (13)
ellipsoidal cavity with its axis & oriented parallel to the e e s

external field, the field inside equals
where u,, has the same meaning as in eq 2, i.e., the dipole

€ E. = 3 E (12) moment in a particular solution (not the gas-phase value). In
et (1—eA, 0 a=o this new interpretation, eq 8 for the electric polarization of the
solution becomes

(Ea=

where the ‘depolarization factor,, is given by the integraf*

__abc ds . M2,
A= 2 (s+ a2)3/2(s I b2)1/2(s n C2)1/2 (12) P=P,+ Z¢Sns(3kBT)EO (14)

Obviously, egs 11 and 12 reduce to the spherical case, given L o . .
by eq 5, when the three semiaxes)b, andc, become equal wheregs is given by eq 9 and the polar|zab|l|ty term is omitted.
and wh énAa 13 o ' Note that eq 9 was obtained with the assumption that both solute

and solvent molecules were spheres. For simplicity, we will
continue treating solvent molecules as spheres while nonspher-

nonspherical analogue given in eq 11. We followed the same icity _Of _solutes V‘_’i” be incorporated through the solvent
approach in our treatment of the transient displacement currentcontribution toMcs in eq 13.
data4~® There is an intrinsic inconsistency in such an approach.  To calculate the solvent contributioMs, the molecule is
Because of a nonspherical geometry, the integral in eq 10 is noenclosed in a spherical cavity of a larger size, as in Figure 1.
longer zero, i.e. one cannot presume that a dipole moment inThis divides the solvent into two regions: one external to the
an ellipsoidal cavity has zero effect on the orientation of cavity and one internal to the cavity yet outside the solute cavity
surrounding solvent dipoles. (the shaded regions in Figure 1). The radius of the spherical
We will try to resolve this problem by enclosing the solute cavity, R, should be large enough that, from the external solvent
molecule in a spherical cavity in which the remaining part of perspective, the charge distribution is well represented as a point

Bottcher attempted to extend Onsager’'s model to a non-
spherical casevia substituting the cavity field in eq 7 by its
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dipole. In this limit, the integral over the external voluny&,
equals zero

J E,av=§ o (RdS=0

V>Vgr S

(15)

as it was in eq 10. The solvent contributidvl, to the total
dipole momentMcs, can then be calculated through integration
of the electric polarizationR(r), outside the molecular cavity

My= [, ., P71V (16)

where the integration takes place over the interior solvent region.
The electric polarization can be found by solving Poisson’s
equation for the electric field
V+(eE(T)) =0 (17)
with appropriate boundary conditions for potential at the
molecular surfaceS.. These are

{

where ¢; is the electric potential inside the molecular cavity,
@o is the potential exterior to the molecule, angkis a unit
vector normal to the surface. Knowing the electric field
distribution, one can calculate the electric polarization via

(p_iJSef Polse= E(ﬁsé%q)o) lse
(nSe'V(pi)|Se

(18)

)

_'5(?) - 4x

(19)
and use eq 16 to calculads. An effective solute cavity can

be constructed by ‘rolling’ a sphere with hydrogen’s van der
Waals radius over the molecular surface. The molecule is

represented by a superposition of overlapping spheres with

appropriate atomic van der Waals radii. This is a standard

procedure used in molecular modeling software packages for

calculation of such properties as molecular volume; it also
eliminates singularities in Poisson’s equation.

The procedure described here allows for calculation of the
electric polarizationP, of a dilute solution of molecules with
known shape and charge distribution. In reality, we usually solve
the inverse problem, i.e., extracting information about the charge

distribution in a molecule from the measurementdpr its

change as in the dipole technique) in solutions of that molecule. ;.4 ¢ Poisson’s equation
In Onsager’s formulation, this inversion is unambiguous because ., ’

the charge distribution is represented by a point dipole placed
in the center of a spherical cavity. When attempting to determine
a distribution of charges within a molecule, however, there is
inevitably a greater degree of both complexity and ambiguity
in the data interpretation process. Indeed, the polarizakpon,
only contains information about the first moment of the charge
distribution. Given this situation, an appropriate goal is to mimic

a charge distribution for the solute and then calculate consecu-

tively ui, Ms, and M¢s, comparing the last quantity with the
experimentally determined value. While the unique solution to
this problem is not always possible, it should work well in cases
with 100% charge transfer between well recognizable moieties.
In the following, we consider the procedure in detail and

evaluate possible approximations. The procedure starts by

distributing charges inside a molecular cavity and surrounding
that cavity by a continuous dielectric representing the solvent.
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be solved numerically. This is quite a demanding approach for
an arbitrarily-shaped molecule. The first simplification can be
achieved by reducing the charge distribution on the molecule
to a simpler representation by placing a few point charges at
appropriate locations. Calculations show that results of this
approximation are sensitive mostly to where the centers of
positive and negative charges are placed; the contribution of
finer details is insignificant. A second simplification is imposed
on how Poisson’s equation is solved. It is based on the fact
that the electric field from a point charge in a continuum
dielectric differs from the field calculated in a vacuum only by
a factor ofe. The electric field in a vacuunk, s, from a set of
point chargesy located at the points;, is easily calculated
without integration

_ G

Eod?) =) —A(T—T) (20)
'Zﬁ: - _':i|3

Approximating the electric field in a dielectric continuum by

Evade leads to a relatively simple equation for calculating the

solvent contribution to the dipole momens, that can be

realized without numerical solution of Poisson’s equation

€ €

M, =

S Emava S B mav (20)

HereE,.dT) is calculated according to eq 20 and the integration
excludes the molecule’s cavity volumé,;. The integration in
eq 21 can be limited from above by a spherical cavity of a large
enough radius.

In the following part we will compare analytically and
numerically solvable cases with this approximation. If both sides
of eq 21 are multiplied by (+ 1/e)~! the resulting relationship

Y 1 =
c — 1Ms ~ E‘[\‘/>VS E,o{T)dV

(22)

not only reflects the accuracy of the described approximation
but also provides a simple mechanism for evaluating the
applicability of the concept. According to this equation, the exact
value ofMs multiplied by (1— 1/)~%, should be equal tMsin
a vacuum, independent ef

Examples. (1) Ellipsoidal Caity. An ellipsoidal cavity
represents a first complication beyond the spherical cavity
model. This cavity can be characterized by three semiaags:
in this case, can be solved
analytically, which is also useful here because it allows for
evaluation of the approximations in eq 22. Figure 2 represents
plots of equipotential surfaces obtained by numerical solution
of Poisson’s equation using the FEMLAB progrdnThe
comparison illustrates that the exact solution looks very similar
to the ‘vacuum solution’ of eq 20 normalized by the dielectric
constant. Quantitative assessment of the accuracy of our
approximations is given in Figure 3, where the exact solution
for Mg is shown as a function of the dielectric constant for the
ellipsoid of Figure 2. The numerical solutions, given by points,
are in essentially exact agreement with the analytical solution

(1-3A)E— 1),
ct(l-oA, 3

(23)

s—

where the depolarization factof, is given by eq 12. From

On the basis of the charge distribution, Poisson’s equation canthe analytic solution in eq 23 it is apparent that the solvent
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A B A B

Figure 2. Two-dimensional projection of the 3-D isopotential surfaces
normalized by the dielectric constart, for two point charges of
opposite sign placed at the foci of a spheroid with the aspecta#iio R e .
= 3.5. The dielectric constant outside the ellipse is 1 and 10 for opposite sign placed inside the two spheres of equal radii that are
cases A and B, respectively, but inside the spheres is unity in both positioned at close contact. The dielectric constant outside the spheres
cases. Note that if scaled by the two solutions are very similar. IS € = 1and 10 for cases A and B, respectively, but inside the spheres
Regions with potentials 0.05, 0.1, and 0.15 (in units charge/distance) 'S Unity in both cases. Note that if scaled &ythe two solutions are
are shown in three different colors. very similar. Regions with potentials 0.05, 0.1, and 0.15 (in units charge/
distance) are shown in three different colors.

Figure 4. Two-dimensional projection of the 3-D isopotential surfaces
normalized by the dielectric constant, for two point charges of
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Figure 3. Integrated solvent-induced dipole moment dependence on _ . )
the dielectric constant for the case of Figure 2. Points are calculated Figure 5. Integrated solvent-induced dipole moment dependence on
numerically using Femlab program (see text for details). Solid line the dielectric constant for the case of Figure 4. Points are calculated

represents the analytic solution of eq 23 with= 0.08965. numerically using Femlab program (see text for details).
contribution is negative for prolate moleculeX, (< 1/3) and with a new factor g
becomes positive for oblate84> 1/3). As Figure 3 indicates,
the Eyade approximation works well for a prolate ellipsoid. The _ €
maximum error can be characterized by the spread between the e et (1—¢)
maximum and minimum values in Figure 3. Taking advantage

of the analytic solution, we can evaluate that error as This compact form offers a more straightforward interpreta-
tion—the dipole momeng u is the ‘external dipole moment’
Al € M| = 1 Alu introduced by Onsager and now extended for a nonspherical
(E - 1) 1 3
which is negative for oblate spheroids (or any ellipsoid with

2 (2¢ + nd)? _ o2t n2)?
322 +nd) 322 + nd)

(26)

As
1-A, (24) cavity. Alternatively, one may relate the two dipole moments,
Ues andMcs, @s a measure of solute nonsphericity, given by

— /42;5: et (- e)Aa_ gsph

dipole moment oriented along short axis) and can be quite large. n,=—= — (27)
. . . . . a 2¢+ 1 é_—
For prolate spheroids the error is positive (overestimate in the Mcs € a
resultingucy and quite smattthe largest error foA; < 1/3 is
less than 3.4% and is realized &5 = 0.1835. A negative and (2) Two SpheresThis model is a natural approximation for

plausibly large error for molecules with dipole moment oriented intermolecular charge separation. The two-sphere case is
along a short axis, such as oblate spheroids, has to be notedelatively easy to solve numerically using the FEMLAB
too. However, molecules of this type are rare and using an program? In Figure 4, isopotential surfaces normalized by the
ellipsoidal approximation for them would be a better choice, dielectric constante, for two point charges of opposite sign

as compared with the use of approximation 21. placed inside two spheres of equal radii in contact are shown.
Combination of eqs 13, 14, and 23 simplifies to a more The dielectric constant outside the spheres #s1 and 10 for
compact form cases A and B, respectively, but inside the spheres is unity in
both cases. Visually it is difficult to recognize a difference
' 2 between the two graphs. Qualitative comparison is given in
P=P, + Z%ns(ui)Eo (25) Figure 5 for spheres in contact, while Figure 6 illustrates
3Kk T it for two identical spheres separated by one radius. As before
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Figure 6. Integrated solvent-induced dipole moment dependence on
the dielectric constartfor the case when two point charges of opposite
sign are placed inside the two spheres of equal radii that are positioned
at a distance three times their radii. Points are calculated numerically
using Femlab program (see text for details). Note that the dependence
is weaker than that in Figure 5 for charges in close proximity.

for a spheroid, a weak dependence eoin Figures 5 and 6
supports the validity of the estimate in eq 21. The spreddof
is smaller when the ions are further separated, as expected from
the model, but even for close contact the spread is less than
2.6%.

Thus, we see that in cases where analytic and numeric
solutions allow comparison of exact values for solvent contribu-
tion, M, to the dipole moment with that approximated using

Photoresponse (mV)

Time (ns)

eq 21, the agreement is acceptable given the enormous Sim__Flgure 7. Transient displacement current signals for two molecules

e L : . in toluene solution observed after absorbing38at 396 nm in a cell
pI|f|cat|.on of numeric splutlon. Prolate molecules are treated \ith 2 0.56 mm gap and usira 1 M2 load resistor. The experimental
exceptionally well in this model, while oblate molecules and traces are shown by solid lines and the fitting curves by points; dashed
molecules where dipole moments oriented along short axes haveines depict laser pulse. (A) PANB. Simulation was done with the
to be approached more cautiously. It helps to realize that the following parametersMcs = 18.5 D, the lifetime of a singlet charge-
latter cases are very rare or typically of low interest. It is also transfer excited statecrs = 0.7 ns, and the intersystem crossing to a
worth noting that extremely prolate moleculés, ¢ 0) or any Ig_ng-llwc_sd triplet Chagwe tiaggs)feerstatasc_i (7)'6 ns. _(B% 3PANT'
other case where the distance between separated charges definga ation parameterses = 29.3 D, 7ers = 1.7.nS Tisc = 8.3 1S.
a sphere with the volume much larger than molecule’s volume,
egs 25 and 26 reduce to a much simpler form for the coefficient

Pc

was written in FORTRAN 90 which calculates the solvent

contribution to the dipole momeri¥s, from eq 21. Charges in

the dipolar state of bianthryl were distributed according to charge

232 densities in the cation and anion radicals of the two anthracene

_ (2¢ + np) (28) moieties, respectively. This distribution corresponds to the dipole
3(26° + n‘[‘,) momentug, = 20.6 D. Using van der Waals radii from Bo#di

we calculatedVls = —3.86(1—1/¢) D. This leads to a 1620%

This simplification might be very useful for large molecules reduction of the dipole moment, depending on the solvent

Pe

where ellipsoidal approximation is difficult to apply. polarity.
Almost Ellipsoidal Molecules. DMANS, 4-dimethylamino-
Experimental Examples 4'-nitrostilbene, is a molecule that has been frequently used for

This paper is dedicated primarily to establishing an improved calibration and comparison using thferent m_ethfb_@lél. Previ- ,
theoretical treatment for analysis of dielectric polarization data ogsly we reportgd that n the spherical approxman%n, DMANS
and the transient displacement current data in particular. BelowOIIpOIe moment in to!u_ene equalds - 310+ 1.5D. Due_ o
we give a few examples as a demonstration of consequence fo he eIo_ngatgd and rigid shape c.)f this molecule, the eI.I|p50|daI
the revised treatment. The measurements were performed usin pproximation seems appropriate for DMANS Using th‘?
our standard setup for the transient displacement currentdround-state geometry obtained by semiempirical AM1 opti-
measurement, the details of which can be found elsewhere, Mization, the following semiaxes were calculatéad = 11.8

Almost Spherical Molecules.Bianthryl is an interesting A b= 4.1 Ac=41A with the dipole moment oriented along
symmetric molecule, which gains a dipole moment upon thea axis. The depolarlzatlon factor along this axis equals
photoexcitation by ‘breaking’ its ground-staig symmetry. = 0.092, and the dipole calculated from eq 27is= 36.4+
Nevertheless, the excited-st@gdistortion is not very dramatic. 1.7D.

The excited state of this molecule possesses a dipole moment Two ‘new’ molecules, PANT g-amino-nitroterphenyl) and
even in nonpolar solvents such as toluene. Even though thePANB (p-amino-nitrobiphenyl) sketched in Figure 7 along with
spherical model was used to evaluate its dipole morent, their dipole signals, also have elongated and rigid shapes,
neither a spherical nor an ellipsoidal approximation describes justifying the use of the ellipsoidal approximation for them. The
well the molecule’s shape. As a result, the approximate methoddipole signals shown were measured in the displacement charge
of egs 20 and 21 is appropriate. For this purpose, a programmode and have a fast and a slow component: the former being
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TABLE 1: Parameters for Scaling Using Ellipsoidal Conclusions

Approximation and the Dipole Moments The problem of dielectric polarization for dilute polar
lecul libsoidal a0 MeD As b M'\c/ls =D solutions was revisited, and a new treatment based on calculating

molecue clipsoidal parameters D AL 0 %Moo the solvent contribution to the total dipole moment for solute

DMANS a=88Ab=34Ac=20A 31.0 0092 1174 364 molecules has been suggested. An analytic solution for el-

PANB a=69Ab=34Ac=20A 178 0.124 1.151 20.5

PANT a=91Ab=34Ac=20A 293 0088 1176 345 lipsoidal molecular cavities and a simplified approximation for

arbitrary-shaped molecules, based on mimicking the electric field
*Values are calculated for toluene solvent= 2.38.°Fromeq 27. 35 a solution in a vacuum normalized by the dielectric constant
(eq 20), have been derived and analyzed. Experimental examples
. ) with photoinduced electron transfer show remarkable agreement
from the short-llved singlet charge-transfer state_and the latter parveen the measured dipole moments and those expected from
from t_he triplet char_ge-transfer sta_lte populated via intersystem o gistance between donor/acceptor moieties.
crossing from the singlet state. Dipole moments and the rates ) )
of recombination and intersystem crossing were obtained from Acknowledgment. This work was in part supported by
independently measured fluorescence lifetimes of the singlet 9rants from the National Institutes of Health (S06 GM 08136-
states and by presuming that the dipole moments are the sam&6) and Research Corporation (RI0398). The authors are
for the singlet and triplet states. The scaling factors for the dipole thankful to Dr. D. Gust for bringing our attention to the problem
moments were calculated from eq 27 treating molecules as@nd providing the triad molecule and its optimized structure,
ellipsoids with semiaxes given in Table 1. Dr. P. Piotrowiak for providing PANT and PANB molecules;

Dr. C. Braun, Dr. I. Sevostianov, Dr. H. Wang, Dr. D. Smith,
Dr. M. Newton, and Dr. D. Matyushov for helpful discussions.
"rhe authors are also grateful to COMSOL Inc. for providing a
trial version of their Femlab software.

Very Large Molecules. Two triad molecules for which we

be described as very large molecules. They are methoxyaniline
aminonaphthalimidedimethylphenyt-naphthalenediimideoc-

tyl (MA-ANI-NI), 5 synthesized by the M. Wasielewski group,
now at Northwesten Univeristy, and caroterporhyrin— A
fullerene triadt314synthesized at Arizona State University. The gg ggtf;?:rtv '(-:J ?mﬁ.ghirgfysgg?zﬁgc?ﬁé 13§|66{nzauon Elsevier
former was reportétto have 16.3 A charge separation if the  amsterdam, London, New York, 1973.

spherical approximation was used. Reevaluation of its dipole  (3) Liptay W. Dipole Moments and Polarizabilities of Molecules in

moment can be done by using the ellipsoidal approximé‘iion Excited Electronic States. IExcited Stats; Lim, E. C., Ed; Academic
since the molecule is fairly straight and rigid. Using values of Press: New York, 1974; Vol. I, p 129.
y g gid. 9 (4) Smimov, S. N.; Braun, C. LJ. Phys. Chem1994 98, 1953-

V=679 ABand 22 = 32.1 A, we findb = 3.2 A andA, = 1961.
0.068. This results in a value gf, =93+ 7 D or 19.4 A of W (,5)I SmILF_HR/\I/. Fi-] NP-:h Bfagﬂ, r?ﬁglgé %36223'23?-253-;6 Svec, W. A
: H e : aslelewskl, . . yS. e .

charge separation, whlch is in remarkable agreement with the (6) Smirmov, S. N.: Braun, C. [Rev. Sci. Instrum1998 69, 2875
expected charge-separation distance based on the center to centegsy.
distances for the donor (MA) and acceptor (NI) moieties. gg girk\év_O?JJ.FJ)hChe&. E‘?ésﬁlz:é%szl.

. - ondi, A.J. Phys. Che , .
AnOth.er triad, from ASU, has th.e largest dipole moment ever (9) FEMLAB is a commercial MATLAB-based electromagnetic mod-
experimentally measuréd.The distance between the centers eling tool, which employs the finite element method to solve partial
of the donor and acceptor (carotenoid and fullerene), based ondifferential equations. The linear stationary 3D electrostatics module was

molecular modeling, is 34 A which corresponds to a dipole used for solving Laplace equation. Meshing was performed using the default
’ ’ settings for “finer” mesh option. To avoid singularities, point sources were

moment of 163 D. This would be in poor agreement with the iyiroduced to the system via internal FEMLAB functienV_test.
experimental value in the spherical approximatidg, = 110 (10) The longitudinal axis 2 is usually easier to identify as the
+ 5 D. The ellipsoidal model is inappropriate in this case due moleculés length,i.e., the distance between the remote atoms plus their
. .. van der Waals radii. The equatorial axif, 2an then be calculated from
to a bow-like contour of the molecule, but because of _'ts the van der Waals molecular volumé= 4wab¥3, the value for which is
extended shape, the reduced form for the scaling factor givenusually available from molecular modeling software packages, such as
in eq 28 can be applied. The resulting value of the dipole Hyrlaerclhemt,h Spﬁrtatn,tor Gaussian. Ablteigg(ttlvezlxzi }‘fr péatr;]aerb coTJugated
- P : molecules, the shortest semiaxis can be taken2.0 A an value
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