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Photoinduced charge separation and thermal charge recombination reactions in a series of structurally related
donor-acceptor molecules based on the 4-(N-pyrrolidinyl)naphthalene-1,8-dicarboximide (5ANI) and 4-(N-
piperidinyl)naphthalene-1,8-dicarboximide (6ANI) chromophores were studied in the nematic liquid crystals
4-cyano-4′-(n-pentyl)biphenyl (5CB) andN-(4′-methoxybenzylidene)-4-(n-butyl)aniline (MBBA) as well as
in the isotropic solvents pyridine, 2-methyltetrahydrofuran, and pentyl propionate over a temperature range
of 293-353 K. The photoexcited 5ANI and 6ANI chromophores donate an electron to pyromellitimide (PI),
which is attached to the donors via a N-N single bond between their imide groups to give 5ANI-PI and
6ANI-PI, respectively. The photoexcited 6ANI chromophore also accepts electrons fromp-methoxyaniline,
which is attached to the 4-position of the naphthalene-1,8-dicarboximide as aN′-(4′-methoxyphenyl)piperazinyl
substituent to give MeOAn-6ANI. Attachment of a secondary PI acceptor to MeOAn-6ANI via an imide-
imide N-N single bond yields MeOAn-6ANI-PI. Photoinduced charge separation to form MeOAn+-
6ANI--PI is followed by thermal electron transfer to produce MeOAn+-6ANI-PI-. The charge recombination
reactions in all three molecules have negative activation energies in the three isotropic Debye solvents pyridine,
methyltetrahydrofuran, and pentyl propionate. This is a result of non-Condon behavior due to the internal
rotational dynamics of the five- and six-membered cyclic amines about the C-N bond joining them to the
naphthalene ring in 5ANI-PI, 6ANI-PI, and MeOAn-6ANI-PI on the time scale of the charge recombination
reaction. This effect is not observed in 5CB and MBBA, in which slower solvent motions are strongly coupled
to the electron transfer process as indicated by the fact that the electron transfer reaction rates were solvent-
controlled in the liquid crystals.

Introduction

Photoinduced electron transfer is widely studied with regard
to its potential applications in molecular electronics1-4 and solar
energy harvesting,5 as well as for developing a basic under-
standing of redox proteins.6-9 To rationally design a molecule-
based device, it is critical to understand the role of the
surrounding environment on electron transfer. Many previous
studies have focused on the role of solvent in electron transfer
processes,10-17 and several excellent reviews are available.18-21

Liquid crystals (LCs) have been studied extensively due to their
applications in display technology.22 The one-dimensional,
threadlike order of nematic LCs provides an intriguing environ-
ment in which to study photoinduced electron transfer. This
order provides a means of controlling electron transfer rates as
well as providing insights into the mechanisms of electron
transfer reactions. Nevertheless, relatively few photoinduced
electron transfer reactions have been studied in LCs.23-33 Recent
examples include studies on the effects of order on the
photophysical properties of 4-alkyl-N-(p-cyanophenyl) piperi-
dines,26 creation of photovoltaic cells from liquid crystalline
porphyrins23 and perylenediimides,32,34 photoconduction in
discotic LCs,25,33 and time-resolved electron paramagnetic
resonance measurements of photoinduced electron transfer in
photosynthetic model systems dissolved in nematic LCs.24,27,30

Studies of electron transfer reactions in LCs provide a conceptual
bridge between experimental results obtained in isotropic

solutions and those obtained in more ordered environments such
as surfaces, monolayers, macromolecular ensembles, and crys-
tals. In all of these cases, the “solvent” has an ordered structure
that could have a critical impact on electron transfer processes.
Understanding how molecular order impacts electron transfer
is vitally important to developing technologies based on this
process.

Solvent effects on electron transfer reactions are usually
categorized as static or dynamic. Static solvent effects are
usually described by a structureless dielectric bath, e.g., the Born
dielectric continuum model, and are incorporated into theoretical
electron transfer models via the static dielectric constant of the
medium. The Marcus expression for the rate of a nonadiabatic
electron transfer reaction is given by35,36

whereVDA is the electronic coupling matrix element,∆G* )
(∆G + λ)2/4λ is the activation energy for electron transfer,∆G
is the free energy of reaction, andλ is the total reorganization
energy. The total reorganization energy is the sum of two
components: the internal reorganization energy of the donor
and acceptor,λI and the solvent reorganization energy,λS. Using
the dielectric continuum model, Marcus has shown thatλS can
be estimated using35,36

kET )
2πVDA

2 exp(-∆G*/kBT)

px4πλkbT
(1)
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wherer1 andr2 are the ionic radii,r12 is the ion pair distance,
e is the charge of the electron,εS is the static dielectric constant
of the solvent, andε0 is the high-frequency dielectric constant
of the solvent. Jortner modified eq 1 to include the quantum
mechanical nature of the internal vibrational modes of the donor
and acceptor that couple to the electron transfer:37

whereS) λI/pω, ω is a characteristic intramolecular vibrational
frequency coupled to the electron transfer reaction, and∆G is
the free energy of the reaction. Once again, eq 2 is typically
used to evaluateλS in eq 3.

Dynamic solvent effects on electron transfer reactions occur
when solvent motions are slow relative to the movement of
charge.21 When these slow solvent motions, or dielectric friction,
are strongly coupled to the electron transfer reaction, the reaction
becomes adiabatic. For simple Debye solvents, the dynamics
of solvent relaxation have a single exponential component
characterized by the longitudinal relaxation time,τL. For a non-
Debye solvent, several relaxation processes occur, and it is
difficult to determine an appropriate value ofτL from the
complex dynamics.21 If τL can be measured, or an appropriate
distribution of values determined, nonadiabatic electron transfer
theory can be modified by defining the adiabaticity parameter
κ:10

where all other terms are given above. The adiabatic electron
transfer rate constant,kAD, can then be obtained from

wherekET is the nonadiabatic electron transfer rate constant
previously defined in eqs 1 and 3. Equation 5 has been applied
to a variety of solvent systems10 but not to LCs.

Recent work by Deeg and co-workers38 on nematic LCs has
shown that even at temperatures above the nematic to isotropic
(N-I) phase transition, small ordered domains (pseudo-domains)
exist. This regime is experimentally useful because optical
experiments are difficult in the nematic phase of an LC due its
highly scattering nature. Above the N-I phase transition, the
LC is optically clear, yet significant nematic order remains.
Ordered domains persist for 30-40° above the phase transition
and decrease in size from approximately 20 molecular lengths
to 3 molecular lengths. Unlike simple solvents, the solvent
dynamics of nematic LCs are generally nonhydrodynamic. Deeg
and co-workers studied the motions of 4-cyano-4′-(n-pentyl)-
biphenyl (5CB) and found two main types of solvent relaxation,
namely, a slow collective domain reorientation and a fast
intradomain reordering. The collective domain reorientation,τro,
takes place on the nanosecond scale and can be modeled with
the Landau-de Gennes modification of hydrodynamic theory,38,39

as shown in eq 6

Here,Ea is the activation energy for the shear viscosity of the
LC,40,41 T* is a temperature 1-2° below the N-I phase
transition (TNI ) 308.2 K for 5CB), andc is a fitting parameter.
The faster intradomain reordering events occur on the 1-300
ps time scale and are temperature-independent forT < 343 K.
Above 343 K, where no domains remain, the relaxation
processes are coupled to the viscosity and show a normal
hydrodynamic temperature dependence. Studies performed on
N-(4-methoxybenzylidene)-4′-(n-butyl)aniline (MBBA) found
similar behavior.42

Domain reordering can be used to control photoinduced
charge separation and thermal charge recombination rates in
covalently linked donor-acceptor systems. Our previous work
investigated photoinduced electron transfer in a dyad consisting
of a 4-(N-pyrrolidinyl)naphthalene-1,8-carboximide (5ANI)
donor covalently attached to a pyromellitimide (PI) acceptor in
5CB and MBBA.29,31The charge separation reaction1*5ANI-
PI f 5ANI+-PI- in 5CB is nonadiabatic and obeys eq 1, while
the charge recombination is adiabatic. The charge recombination
time constants are proportional to the longitudinal dielectric
relaxation time (τL) of the solvent, which correlates with the
viscosity of the solvent.21 The Landau-de Gennes theory shows
that the collective domain reorientation is also coupled to the
viscosity. AlthoughτL andτro are not the same, they are related,
and the charge recombination times can be modeled using eq
6. When 5ANI-PI is dissolved in MBBA, the opposite effect
is found, i.e., the charge separation is adiabatic, and the charge
recombination is nonadiabatic. We found that these results are
consistent with the alignment of 5ANI-PI along the pseudo-
domain director of the LC. For example, 5CB possesses a large,
positive dielectric anisotropy, whereε| ) 18,ε⊥ ) 6, ∆ε ) 12,
and 〈ε〉 ) 10.5, so that rapid rotation of 5CB about its long
axis results in rapid motion of its dipole component along the
perpendicular axis. This motion is fast enough to permit
nonadiabatic charge separation within 5ANI-PI. On the other
hand, rotation of the long axis of 5CB away from the director
is relatively slow, so that electron transfer reactions coupled to
that motion are adiabatic. Because the dielectric anisotropy of
MBBA is negative, whereε| ) 4.7,ε⊥ ) 5.4,∆ε ) -0.7, and
〈ε〉 ) 5.2, the adiabaticities of the charge separation and
recombination reactions for 5ANI-PI in MBBA are reversed
relative to those in 5CB.

The work described here compares photoinduced charge
separation and thermal charge recombination reactions in a series
of structurally related donor-acceptor molecules based on the
5ANI and 4-(N-piperidinyl)-naphthalene-1,8-dicarboximide (6ANI)
chromophores in 5CB and MBBA as well as in the isotropic
solvents pyridine, 2-methyltetrahydrofuran, and pentyl propi-
onate over a temperature range of 293-353 K. The photoexcited
5ANI and 6ANI chromophores donate electrons to PI, which
is attached to the donors via a N-N single bond between their
imide groups to give 5ANI-PI and 6ANI-PI, respectively
(Chart 1). The photoexcited 6ANI chromophore also accepts
electrons fromp-methoxyaniline, which is attached to the
4-position of the naphthalene-1,8-dicarboximide as anN′-(4′-
methoxyphenyl)piperazinyl substituent to give MeOAn-6ANI.
Attachment of a secondary PI acceptor to MeOAn-6ANI via
an imide-imide N-N single bond yields MeOAn-6ANI-PI
(Chart 1). Charge separation within MeOAn-6ANI-PI occurs
in the sequence1*MeOAn-6ANI-PI f MeOAn+-6ANI--
PI f MeOAn+-6ANI-PI-, a mechanism which is similar to
that observed for analogous compounds having a naphthalene-
1,4:5,8-bis(dicarboximide) acceptor.43 The work presented here
focuses on the influence of both solvent dynamics and internal

λs ) e2( 1
2r1
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rotational dynamics within 5ANI and 6ANI on the electron
transfer reactions involving these chromophores.

Experimental Section

Femtosecond transient absorption measurements were made
using a regeneratively amplified titanium sapphire laser system
operating at a 2 kHz repetition rate.44 The frequency-doubled
output from the laser was used to provide 420 nm, 120 fs pulses
for excitation. A white light continuum probe pulse was
generated by focusing the 840 nm fundamental into a 1 mm
sapphire disk. Cuvettes with a dual 2/10 mm path length were
used to optimize thermal contact to the thermostated cell holder
(Quantum Northwest Flash 100). The samples were allowed to
equilibrate for 5 min after reaching a particular temperature,T,
and were held atT ( 0.02 K. The samples were irradiated with
0.5-1.0 µJ per pulse focused to a 200µm spot. The sample
optical path length was 2 mm, and its optical density at the
excitation wavelength was typically 0.3-0.5. The samples were
stirred during the experiment using a wire stirrer to prevent
thermal lensing and sample degradation. The total instrument
response for the pump-probe experiments was 150 fs. Time-
resolved absorption changes were obtained at a variety of
temperatures between 293 and 353 K. The temperature range
was dictated by the phase transition temperatures of 5CB and
MBBA. Transient absorption kinetics were fit to a sum of
exponentials with a Gaussian instrument function using Lev-
enberg-Marquardt least-squares fitting. Measurements were
generally repeated three times, and the resulting time constants
were averaged. The deviation from the mean was generally no
worse than(10%. Steady state absorption spectra were obtained
using a Shimadzu 1601 UV/vis spectrophotometer.

All solvents and LCs were purchased from Aldrich. Pentyl
propionate (99.7% anhydrous), pyridine, and MBBA were used
as provided. The 5CB was stored in a desiccator and used as
provided. 2-Methyltetrahydrofuran (spectroscopic grade) was
distilled over sodium and benzophenone and stored over sieves
in a drybox until use. Immediately before use, the MTHF was
additionally purified over a basic alumina column. The syntheses
of 5ANI-PI and 6ANI-PI were described previously,45,46while
that of MeOAn-6ANI-PI is described in the Supporting
Information.

Results

Overview. Electron transfer theory assumes the Condon
approximation, i.e., the electronic coupling matrix elementV

does not change on the time scale of the electron transfer
reaction. We have shown previously that structural changes that
modulateV on a time scale comparable to electron transfer can
strongly influence the rate of the reaction.47 It is possible that
this non-Condon behavior can occur in 5ANI-PI, 6ANI-PI,
and MeOAn-6ANI-PI. Changes inV may result from the
internal rotational dynamics of the five- and six-membered
cyclic amines about the C-N bond joining them to the
naphthalene rings. In this study, we compare the results for
5ANI-PI, having the less sterically demanding five-membered
ring, to those of the two 6ANI-containing molecules with their
more sterically demanding six-membered rings.

The role of the solvent was probed by varying the static
dielectric constant, as well as changing the nature of the solvent
from simple Debye solvents characterized by a single longitu-
dinal relaxation time,τL, such as MTHF and pyridine, to solvents
with multiple relaxation times such as 5CB and MBBA. The
longitudinal relaxation time is related to the Debye relaxation
time τD of the solvent byτL ) (εo/εS)‚τD whereεo andεS are
the high-frequency and static dielectric constants, respectively,
of the solvent. The Debye relaxation time of the solvent is
related to the viscosity of the solvent,η, by τD ) 4πηr3/kBT,
wherer is the radius of the solvent and the other variables are
defined above. The measured relaxation times for MTHF and
pyridine,τL ) 1.1 ps48 andτL ∼ 0.8 ps,49 respectively, are fast
relative to both charge separation and recombination in all of
the molecules studied here, so that there should be no dynamic
solvent control of these reactions. Solvents that meet these
criteria, i.e., fast Debye relaxation relative to the electron transfer
rate, are called “simple” in this paper to distinguish them from
solvents with more complex relaxation processes. Pentyl pro-
pionate was chosen for study because it has a static dielectric
constant close to〈ε〉 of MBBA and ε⊥ of 5CB. The value ofτL

for pentyl propionate has not been measured but should be
similar to that of other alkyl esters, which exhibit Debye
behavior.11 Thus,τL can be estimated from its viscosity (η )
0.73 cP),50 its radius (r ) 4 Å), and its dielectric constants (εo

) 1.98 andεS ) 4.7)51 using the expressions given above to
yield τL = 5 ps. 5CB and MBBA exhibit solvent dynamics on
several different time scales that are related to motions of the
LCs within the pseudo-domains as well as motions of the
domains themselves.38 On the other hand, two studies on the
solvation dynamics of LCs have indicated that the relevant
relaxation pathways are hydrodynamic and that the probe
molecules are not embedded in the pseudo-domains but remain
in disordered regions between the pseudo-domains.52,53

Transient Absorption Spectroscopy.The optical absorption
spectrum of the radical anion of PI is very distinct, having a
sharp absorption at approximately 700 nm (ε ≈ 27 000).45,54

This feature is clearly seen in the time-resolved absorption
spectra of 5ANI-PI, 6ANI-PI, and MeOAn-6ANI-PI in
5CB. Spectra for the latter two molecules are shown in Figures
1 and 2, respectively, while that for 5ANI-PI was reported
previously.29,45In addition, the MeOAn-6ANI-PI triad shows
an additional broad absorption band centered at 550 nm at early
times, which is assigned to MeOAn+-6ANI-.43 In the triad,
two sequential electron transfer events occur,1*MeOAn-6ANI-
PI f MeOAn+-6ANI--PI f MeOAn+-6ANI-PI-, so that
both radical anions appear sequentially in the transient absorp-
tion spectra. For all three molecules, the time constants for
charge separation and recombination at 317 K are obtained at
the peak of the PI- absorption and are summarized in Table 1.
This temperature was chosen since it is the lowest temperature
at which all of the solvents studied here are nonscattering and

CHART 1
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all subsequent discussions of specific time constants refer to
this temperature, unless otherwise noted. The charge separation
and recombination time constants as a function of temperature
are plotted in Figures 3-8.

The charge separation time constants,τCS, for all three
molecules decrease modestly with increasing polarity for pentyl
propionate (ε ) 4.7),51 MTHF (ε ) 6.9), and pyridine (ε )
13.2) (Table 1). The similarity of the data in MTHF and pentyl
propionate confirms that the solvent dynamics of pentyl
propionate have little or no effect on the electron transfer, so
that pentyl propionate can be treated as a simple solvent. The

time constants for 6ANI-PI are about twice as long as those
for 5ANI-PI in the three simple solvents. The time constants
for the charge shift reaction MeOAn+-6ANI--PI f MeOAn+-
6ANI--PI are on same order of magnitude as those for the
charge separation in 5ANI-PI and 6ANI-PI. In 5CB,τCS for
all three molecules increases dramatically as compared to those
obtained in the lowest polarity solvent, pentyl propionate. The
charge separation time constant,τCS, of 5ANI-PI increases by
a factor of 31, from 8.9 to 276 ps, while theτCS of 6ANI-PI
increases from 16.4 to 231 ps, a 14-fold difference. The most
dramatic increase inτCS occurs for the charge shift reaction
MeOAn+-6ANI--PI f MeOAn+-6ANI-PI-, which is 44
times slower in 5CB,τCS ) 210 ps, as compared toτCS ) 4.8
ps in pentyl propionate. Similar effects are observed in MBBA
whereτCS for 5ANI-PI and MeOAn-6ANI-PI, respectively,
are 25- and 20-fold longer than in pentyl propionate. However,
6ANI-PI is the exception withτCS in MBBA being comparable
to that in pentyl propionate. Again, it should be emphasized
that the rate ratios discussed here are specific to 317 K and that
the differences diminish somewhat at higher temperatures due
to the highly activated nature of electron transfer reactions in
the LCs, which causes the electron transfer rates to fall off more
sharply in the LCs than in the simple solvents. However, the
trends appear across all of the temperatures explored here. For
all three molecules, the charge separation reaction is slower in
5CB than MBBA, while charge separation within 6ANI-PI in
both 5CB and MBBA is the least sensitive to the LC environ-
ment, which points to the importance of variations in the D-A
structure within these systems.

Figure 1. Time-resolved spectra of 6ANI-PI in 5CB at 317 K showing
the characteristic PI- absorption at 700 nm at the indicated times.

Figure 2. Time-resolved spectra of MeOAn-6ANI-PI in 5CB at 317
K showing the characteristic PI- absorption at 700 nm and the broad
absorption feature of MeOAn+-6ANI- at 550 nm at the indicated
times.

TABLE 1: Comparison of Electron Transfer Time
Constants (ps) at 317-318 K

pyridine MTHF PP MBBA 5CB

charge separation
6ANI-PI 5.2 11.0 16.4 11.9 231.1
5ANI-PI 2. 9a 4.7 8.9 230a 276.2
MeOAn+-6ANI-PI- 2.4 3.0 4.8 90.7 210.8

charge recombination
6ANI-PI 34.6 233.6 451.3 898 597.1
5ANI-PI 31.7 244.8 414.7 615* 477.8
MeOAn-6ANI-PI 84.3 360.3 757.0 1288 463.7

a Data from refs 29 and 31 at 321.25 K.

Figure 3. Solvent dependence of charge separation time constants for
5ANI-PI in various solvents. Data in MBBA are taken from ref 31.
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Figures 3, 5, and 7 show the temperature dependence ofτCS

for 5ANI-PI, 6ANI-PI, and MeOAn-6ANI-PI in the various
solvents. Activation barriers for charge separation are obtained
from a plot of ln(kCST1/2) vs 1/T (shown in the Supporting
Information) and are summarized in Table 2. The process is
strongly activated in the LCs but only weakly activated in the
simple solvents.

The charge recombination time constants,τCR, at 317 K also
decrease with increasing solvent polarity for the simple solvents
(Table 1). However, the difference inτCR between low polarity
solvents and the LCs is not as pronounced as the differences
observed forτCS. For all three molecules,τCR in both 5CB and
MBBA is on the same order of magnitude as that in pentyl
propionate. In MeOAn-6ANI-PI, τCR is longer in pentyl
propionate than in 5CB. Again, it is critical to note that these
results are specific to 317 K. The charge recombination data
display unusual temperature effects (see below), and the time
constant vs temperature curves for different solvents cross. At
the temperatures lower and higher than 317 K, the curves
diverge, and theτCR ratios change. The similarities of the values
of τCR at 317 K are due to the temperature dependence curves
crossing near this point and are not a trend across all temper-
atures.

Figures 4, 6, and 8 show the temperature dependence ofτCR

for 5ANI-PI, 6ANI-PI, and MeOAn-6ANI-PI in the various
solvents. Activation energies for charge recombination are
obtained from a plot of ln(kCST1/2) vs 1/T (shown in the
Supporting Information) and are summarized in Table 3. The
charge recombination is strongly activated in 5CB for all three
molecules but is less so in MBBA. Surprisingly, most of the

activation energies for charge recombination are negative in the
simple solvents. In addition, the temperature dependence of
charge recombination for 5ANI+-PI- in 5CB shows Landau-
de Gennes behavior as the temperature approaches the N-I
phase transition (Figure 4). Again, charge recombination within
6ANI+-PI- is strongly activated in 5CB and moderately
activated in MBBA. However, Landau-de Gennes behavior for
6ANI+-PI- in 5CB, Figure 6, is much less apparent than that
observed for 5ANI+-PI-. The activation barriers for charge
recombination within 6ANI+-PI- in the simple solvents again
are negative and are larger than those observed for 5ANI-PI.
For MeOAn-6ANI-PI, the thermal charge shift reaction
MeOAn+-6ANI--PI f MeOAn+-6ANI-PI- also exhibits
negative activation energies in pentyl propionate and MTHF
(Table 3).

Discussion

Structural Dynamics Coupled to Electron Transfer. The
two principal degrees of freedom within 5ANI-PI, 6ANI-PI,
and MeOAn-6ANI-PI that may lead to structural variations
among these molecules and could influence their electron
transfer reactions are rotation of the cyclic amine about the C-N
bond joining it to the naphthalene ring and rotation of
naphthalene-1,8-dicarboximide about the N-N bond joining it
to PI. The energy-minimized ground state structures of 5ANI-
PI and 6ANI-PI were calculated using the AM1 method.55

Figure 4. Solvent dependence of charge recombination time constants
for 5ANI-PI in various solvents. Data in MBBA are taken from ref
31.

Figure 5. Solvent dependence of charge separation time constants for
6ANI-PI in various solvents.

4-Aminonaphthalene-1,8-dicarboximide Molecules J. Phys. Chem. A, Vol. 107, No. 5, 2003615



These structures show that the dihedral angle between the imide
groups of 5ANI and 6ANI and that of the attached PI is fixed
at about 90° presumably by the significant steric interactions
of the four carbonyl groups surrounding the N-N bond. The
calculated dihedral angles,θ, between the nitrogen lone pair of
the cyclic amines in the 5ANI and 6ANI chromophores and
the π system of the naphthalene-1,8-dicarboximide are 18 and
49°, respectively. Saha and co-workers56 have recently reported
the crystal structures of the 5ANI and 6ANI chromophores,
which show thatθ ) 0° for 5ANI and θ ) 40° for 6ANI, so
that 5ANI has increased overlap between the ring nitrogen lone
pair and the naphthaleneπ system as compared to 6ANI. This
large difference in dihedral angle is most likely due to the
increased steric hindrance in the six-membered ring, as its ring
hydrogens interact with the peri hydrogens of the naphthalene.
The trend in the values ofθ obtained from the calculations
agrees well with that obtained from the crystal structures.

Excitation of 5ANI or 6ANI to their lowest excited singlet
CT states places positive charge density on the nitrogen atom
at the 4-position and negative charge density on the naphthalene-
1,8-dicarboximide.43,56Following formation of the1*5ANI and
1*6ANI CT states and subsequent electron transfer to form
5ANI+ and 6ANI+, it is possible that rotation of the cyclic amine
occurs to stabilize the positive charge as it develops on the amine
nitrogen resulting in a significant decrease inθ. To examine
this idea, the energy-minimized structures of 5ANI+ and 6ANI+

were calculated using the unrestricted Hartree-Fock AM1
method. These structures show thatθ is 6 and 28° in 5ANI+

and 6ANI+, respectively. Thus, it is likely that rotation of the
cyclic amine stabilizes the1*5ANI and 1*6ANI CT states, as
well as 5ANI+ and 6ANI+, which produce both a structure and
a charge distribution that has a more favorable electronic
coupling V, for both charge separation and recombination.
However, the cyclic amine in 5ANI needs to rotate over a much
smaller dihedral angle than does that of 6ANI.

Greenfield et al.43 showed that the lowest excited singlet state
of 6ANI has about 70% CT character. They also showed that
the resulting solvatochromism of1*6ANI can be used to estimate
with reasonable accuracy the free energy of solvation for charge
separation within a particular solvent. As a consequence, electron
transfer reactions to or from1*6ANI can be treated as charge
shift reactions for the purpose of determining the free energies
of these electron transfers. The results of our electronic structure
calculations and the crystal structures of Saha et al.56 strongly
suggest that the CT character within1*5ANI should be even
larger than that of1*6ANI, so that the Greenfield method for

Figure 6. Solvent dependence of charge recombination time constants
for 6ANI-PI in various solvents.

Figure 7. Solvent dependence of charge separation time constants for
MeOAn-6ANI-PI in various solvents.

TABLE 2: ∆G* (eV) for Charge Separation

5ANI-PI 6ANI-PI
MeOAn-6ANI-PI

(charge shift)

5CB 0.28 0.21 0.21
MBBA 0.17a 0.12 0.21
pyridine 0.04 0.09 0.06
MTHF 0.07 0.05 0.02
PP 0.09 0.02 0.01

a Data from refs 29 and 31.
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determining free energies of reaction should also be valid for
compounds containing 5ANI. The free energies of charge
separation for all three molecules were calculated using this
simple method (Table 4) and suggest that the charge separation
rates for 5ANI-PI and 6ANI-PI should be approximately the
same. However, the rate of charge separation for 5ANI-PI is
about twice as fast than that for 6ANI-PI in the simple solvents,
indicating that the electronic couplingV between1*5ANI and
PI is somewhat larger than that between1*6ANI and PI. Given
that our experimental charge separation time constants are longer
thanτL and that normal Arrhenius temperature dependence is
observed for the charge separation, it is unlikely that rotation
of the cyclic amine plays an important role in the overall charge
separation reaction within the simple Debye solvents.

The negative activation energies observed for the charge
recombination reactions suggest that rotation of the cyclic amine
may be coupled to the recombination process. As the temper-
ature increases, the cyclic amine most likely rotates away from

the stable energy minimum of the radical cation, diminishing
the overall electronic coupling and decreasing the electron
transfer rate. The larger rotational barrier due to steric hindrance
of the cyclic amine in 6ANI, as compared to that of 5ANI, leads
one to predict that the magnitude of∆G* should be larger for
6ANI than for 5ANI, as is observed experimentally.

It is also possible to obtain an overall negative activation
barrier for the electron transfer reaction if it proceeds through
an intermediate. The appearance of the negative activation
barrier depends on the relative magnitudes of the activation
energies for the formation and decay of the intermediate. This
intermediate could be a rotational isomer of the radical cation
that forms prior to the charge recombination. While it is difficult
to rule out such a process, our data provide no direct evidence
for an intermediate. In our earlier work on the breakdown of
the Condon approximation in electron transfer reactions, we
were able to show that under favorable circumstances it is
possible to relate the magnitude of the negative activation barrier
to the energy of a known torsional mode in the electron donor,
which provides evidence for coupling the torsion to the electron
transfer.47 Unfortunately, in the present case, no such informa-
tion on the frequencies of ring torsional modes in either 6ANI+

or 5ANI+ is currently available.
Previous work on a triad similar to MeOAn-6ANI-PI

determined the mechanism of charge separation and charge shift
but could not determine the mechanism of charge recombina-
tion.43 The work presented here allows us to clarify the
mechanism of charge recombination in this type of triad. The
similarity of the∆G* values for charge recombination within
MeOAn+-6ANI-PI- and 6ANI+-PI- in all solvents suggests
that the charge recombination occurs via rapid hole transfer from
MeOAn+ to 6ANI to form 6ANI+ followed by collapse of the
MeOAn-6ANI+-PI- ion pair analogous to 6ANI+-PI-. The
latter process is expected to be strongly temperature-dependent
for reasons discussed above. If the mechanism was to collapse
the MeOAn+-6ANI-PI- ion pair via superexchange, or a
stepwise process involving the MeOAn+-6ANI--PI interme-
diate, both the signs and the magnitudes of the activation
energies would be expected to be different. For example, the
positive charge on the nitrogen atom of MeOAn+ is unlikely to
interact strongly with the naphthaleneπ system due to its
distance and geometry. Moreover, a rate-limiting electron
transfer from PI- to 6ANI cannot involve a significant geometry
change in 6ANI due to the very sterically crowded 6ANI-PI
linkage. Because the alignment of the lone pair orbital of the
nitrogen atom attached to the naphthalene is not relevant to the
electron transfer from PI- to 6ANI, the activation energy is
unlikely to be negative, since the negative activation energy
arises directly from the modulation ofV by rotation of the
piperazine ring relative to the naphthalene on a time scale similar
to that for the charge recombination. Additionally, the rates of

Figure 8. Solvent dependence of charge recombination time constants
for MeOAn-6ANI-PI in various solvents.

TABLE 3: ∆G* (eV) for Charge Recombination

5ANI-PI 6ANI-PI
MeOAn-6ANI-PI

(charge shift)

5CB 0.12 0.17 0.17
MBBA 0.08a 0.11 0.05
pyridine -0.06 -0.06 0.02
MTHF -0.09 -0.12 -0.11
PP -0.06 -0.15 -0.07

a Data from refs 29 and 31.

TABLE 4: Free Energies of Reactiona

pyridine MTHF PP MBBA 5CB

∆GCS (in eV)
6ANI-PI -0.56 -0.50 -0.44 -0.46 -0.54
5ANI-PI -0.56 -0.50 -0.44 -0.46 -0.54
MeOAn-6ANI-PI

(charge shift)
-0.58 -0.54 -0.50 -0.51 -0.57

∆GCR (in eV)
6ANI-PI -2.24 -2.30 -2.36 -2.34 -2.26
5ANI-PI -2.09 -2.15 -2.21 -2.09 -2.01
MeOAn-6ANI-PI -1.90 -1.94 -1.98 -1.97 -1.91

a See ref 43 for method of calculation and ref 45 for values used in
the calculation.

4-Aminonaphthalene-1,8-dicarboximide Molecules J. Phys. Chem. A, Vol. 107, No. 5, 2003617



recombination for MeOAn-6ANI-PI are on the same order
of magnitude as the 6ANI-PI recombination (Table 3).

Effect of Solvent Dynamics on Electron Transfer.Our data
show that in the simple Debye solvents, solvent relaxation occurs
more rapidly than charge separation to form 5ANI+-PI-,
6ANI+-NI-, and MeOAn+-6ANI-PI-. In addition, charge
recombination is most likely controlled by modulation ofV due
to rotation of the cyclic amine. However, the behavior of these
molecules in the LC solvents is much more complex. Not only
is there the possibility of non-Condon effects due to structural
changes in the molecules, but the relatively slow motions of
the LC are undoubtedly coupled to both the charge separation
and the recombination. Given the linear, cylindrical structures
of the donor-acceptor molecules, it is reasonable to assume
that they reside in the pseudo-domains of the LCs, which are
structurally very similar. However, two reports on the solvent
dynamics of LCs raise the possibility that the probe molecules
may lie in disordered regions between the pseudo-domains.52,57

Both cases will be examined with regard to static solvent effects,
dynamic solvent effects, and solvent-induced structural changes
in 5ANI and 6ANI.

Equations 1-3 show that static solvent effects directly impact
the free energy of reaction and thus the magnitude of the
activation barrier and the electron transfer rate. The reason that
the activation barrier height may be influenced by solvent
relaxation times derives from the fact thatτL is most likely a
function of T, such that a plot of ln(kT1/2) vs 1/T will have a
slope that not only depends on the electron transfer energetics
but also will include the temperature dependence ofτL. The
average dielectric constant of 5CB (〈ε〉 ) 10.5) is similar to
that of pyridine (ε ) 13.2), while the average dielectric constant
of MBBA ( 〈ε〉 ) 5.2) is similar to those of MTHF (ε ) 6.9)
and pentyl propionate (ε ) 4.7). However, the rates of both
charge separation and recombination are dramatically slower
in both 5CB and MBBA than in any of the simple solvents,
which suggests that dynamic solvent control is responsible for
the slow rates in the LCs. Equation 4 shows that the adiabaticity
of an electron transfer reaction depends on bothV2 andτL and
is more sensitive to changes inV due to its quadratic
dependence. As discussed above,V should be smaller for the
reaction 1*6ANI-PI f 6ANI+-PI- than the corresponding
reaction1*5ANI-PI f 5ANI+-PI-, making the former reaction
less adiabatic than the latter reaction. This may account for why
the charge separation time constant for 6ANI-PI in MBBA is
comparable to those observed in the simple Debye solvents.

If the donor-acceptor molecule is embedded in the LC
pseudo-domains, the bulk dielectric constant is unlikely to be
the appropriate metric of the environment experienced by the
donor-acceptor molecule. Because 5CB has a large dielectric
anisotropy,∆G* was calculated for 5ANI-PI and 6ANI-PI
in 5CB using eq 3 with a set of model parameters including
the anisotropic dielectric constants (ε| ) 18, ε⊥ ) 6) and the
free energies of reaction, while the electronic couplingV was
varied between 5 and 200 cm-1 to match the experimental rate
constants. For example, using a dielectric constant of six and
an electronic coupling of 7 cm-1, the calculated time constant
for charge separation for 6ANI-PI in 5CB isτCS ) 228 ps at
306 K, close to the experimental value, but the calculated
activation energy,∆G* ) 0.01 eV, differs substantially from
the experimental value of 0.21 eV. Similar discrepancies arise
if one tries to useε| ) 18 as the effective dielectric constant of
5CB. Deeg and Fayer indicate that the fast intradomain motions
are temperature-independent. These solvent motions occur on
a∼300 ps time scale. Using eq 5 to estimate charge separation

rate constants, the predicted activation energy assumingτL )
300 ps,ω ) 1500 cm-1, andλI ) 0.3 eV is on the order of
0.02 eV regardless of choice of dielectric constant (ε ) 5 or
10) or electronic coupling (V ) 50 or 100 cm-1) and gives time
constants ofτCR ) 906 ps at 306 K that are only slightly longer
than the experimental time constants. Once again, the calcula-
tions yield the appropriate time constants but fail to accurately
predict∆G*.

A relatively large activation barrier may also arise from the
nematic potential,q. When an electric field is applied to a
nematic LC, either by the dipolar CT excited state of the donor
or by the ion pair itself, reorientation of the dipolar LC molecule
is hindered by the nematic potential,58 which has a well-known
impact on the relaxation time of the LC. Additionally, the
presence of the nematic potential may increase the solvent
reorganization energy beyond what is predicted by eq 2. Models
of the nematic potential and its effect on relaxation times both
use the unitless order parameterS, which is a measure of the
bulk alignment:

whereφ is the angle between a molecule and the LC director
and 〈cos2 φ〉 is averaged over all molecules.S ranges from 1
(perfectly aligned) to 0 (completely disordered). It is unclear
what the value of the parameter should be for a molecule in a
pseudo-domain where the local order is very high, but bulk order
is low. Nevertheless, if the nematic potential concept can be
applied to the pseudo-domains, then the relaxation time becomes
temperature-dependent as well,27 although its dependence is
complex:

Here,τD
0 is the Debye relaxation in an isotropic solvent andτD

is related toτL by the ratio of the static and high-frequency
dielectric constants, and all other terms are defined previously.
In principle,q is temperature-dependent as well, since it depends
on the order parameterS, which is presumably temperature-
dependent, although that relates to howS is defined within the
pseudo-domains. If the concept of nematic potential is important
for describing the behavior of these molecules, then the electron
transfer rates in LCs at high temperatures should be similar to
those in simple solvents wherein no pseudo-domain exist. This
means that the activation energy for charge separation should
decrease, so that electron transfer becomes temperature-
independent at high temperatures, while the activation energy
for charge recombination should be negative due to the
modulation ofV by structural changes in the donor-acceptor
molecules. This is not observed for charge separation, nor for
charge recombination, which leads us to explore an additional
structural argument as a possible explanation for the activation
energy of charge separation, since the solvent arguments fail at
high temperatures.

A change in the donor-acceptor structure for molecules
within the pseudo-domains assumes that the minimum energy
structure of1*5ANI and 1*6ANI in the LCs is different than
that in the simple Debye solvents. If there is less CT character
for 1*5ANI and 1*6ANI in the LCs, so that the electronic
coupling between these excited CT states and PI is reduced,
increased temperature is necessary to allow rotation of the cyclic
amines into an appropriate position for electron transfer to occur.
The kind of dramatic change inθ between the ground and the

S)
3〈cos2φ〉 - 1

2
(7)

τD ) eq/kT - 1
q/kT

‚ τD
0 (8)
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excited CT state might be inhibited by inertial effects or by
strong intermolecular interactions that would prevent disruption
of the local LC order of the pseudo-domains. However, this
type of structural effect must also explain charge recombination,
so that the ring motion of 5ANI+ and 6ANI+ must be strongly
temperature-dependent. However, this explanation fails in the
high-temperature limit, where recombination should slow with
increasing temperature as it does in the simple Debye solvents.
Thus, residence of 5ANI-PI and 6ANI-PI in the pseudo-
domains over the entire temperature range measured cannot
explain both the observed charge separation and the recombina-
tion temperature dependencies.

If the donor-acceptor molecules reside in regions of disorder
between the pseudo-domains at high temperatures, the structural
arguments made in the simple solvents still apply here, since
there are no unusual interactions between the D-A molecule
and the nematic pseudo-domains. The solvent molecules that
solvate the donor-acceptor molecules should follow standard
hydrodynamic theory,38,42,52,53,57not Landau-de Gennes theory,
and the electron transfer rates should correlate with the solvent
viscosity. Because the solvent motions are temperature-depend-
ent and show Arrhenius behavior, the experimentally measured
activation energies for electron transfer are a combination of
the solvent reorientational activation energy and the intrinsic
electron transfer activation energy. Urban et al.59 measured the
low-frequency dielectric relaxation time of 5CB to beτL ) 1.314
× 10-14 exp(33 200/RT). Putting this function forτL into eq 5
for charge separation, setting the dielectric constant toε ) 5 or
10, and varying the electronic coupling from 1 to 200 cm-1 to
match the observed kinetics predicts activation energies on the
order of 0.35 eV. This prediction of a strongly activated process
agrees better with experiment than the very low barrier found
when the donor-acceptor molecules are embedded in the
pseudo-domains, although it is larger than what was experi-
mentally determined. However, the time constants for charge
separation found using this value ofτL were on the order of
tens of nanoseconds, which obviously do not match the
experimental results. Studies of 5CB inn-hexane, where dilution
prevents the formation of pseudo-domains, found relaxation
processes with the same functional form and barrier height but
which occur on faster time scales, 40-140 ps for the slower
process and 12-24 ps for the faster process.38 Assuming that
the slower process is the relevant dielectric relaxation process,
the same calculation produces charge separation times on the
order of hundreds of picoseconds, which are consistent with
our experimental data. The hydrodynamic model is general so
that it applies to both 5CB and MBBA.42 Only the specific
values ofτL will change, although they should be similar for
MBBA and 5CB. This theory also explains the positive
activation energy for the recombination process because the
increase in the dielectric relaxation rate with increasing tem-
perature can more than compensate for the decreased electronic
coupling. This model applies for all temperatures, since it is
independent of the pseudo-domains, so the high-temperature
results should be different from the simple solvents. The
consistency of this model with our experimental data over the
entire temperature range measured suggests that both the charge
separation and the recombination rates are solvent-controlled
in the LCs and that these donor-acceptor molecules are most
likely not embedded in the pseudo-domains.

In LCs, at temperatures near the N-I phase transition, the
electron transfer reactions are more strongly adiabatic due to
slower solvent relaxation mechanisms that are not active at
higher temperatures. These additional solvent relaxation pro-

cesses depend critically on the nematogenic character of the
LC becauseτCS and τCR increase asymptotically asTNI is
approached. This gives the temperature dependencies ofτCS in
MBBA and τCR in 5CB for 5ANI-PI their characteristic
Landau-de Gennes functional form. This effect is accentuated
in 5ANI-PI becauseV is larger for both charge separation and
recombination relative to 6ANI-PI, which results in an increase
in the overall adiabaticity for the reactions in 5ANI-PI. Electron
transfer with 6ANI-PI and MeOAn-6ANI-PI is less adiabatic
and thus Landau-de Gennes behavior appears very weakly, if
at all, in the corresponding temperature dependencies of the
electron transfer time constants.

Conclusions

Studies on a series of structurally related donor-acceptor
molecules based on the ANI chromophore show that rotational
motion of the cyclic amine plays a critical role in the electron
transfer process. The CT character of the excited state is directly
controlled by the motion of the cyclic amine and has a clear
influence on the rates of charge separation. As a consequence,
the donor-acceptor dyads and triad all have negative activation
barriers for charge recombination in fast relaxing Debye
solvents. In the LCs, the electron transfer dynamics of the
donor-acceptor dyads and triad couple very strongly to the
hydrodynamic motions of the solvent for both charge separation
and charge recombination. Thus, the interplay of structural
changes within these molecules and solvent dynamics results
in a complex dependence of the electron transfer rates on
temperature. Balancing these effects may allow one to design
systems in which the relatively slow solvent dynamics of the
LCs can be used to promote long-lived charge-separated states
of interest to photochemical conversion and storage of solar
energy.
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