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ABSTRACT: We show for a series of six small donor−acceptor dyads that the energy
diﬀerence between non-charge transfer (non-CT) and charge transfer (CT) excited
states, as well as the squares of the electronic couplings between these states, can be
predicted from ﬁrst-principles using variational orbital adapted conﬁguration
interaction singles (VOA-CIS) theory. VOA-CIS correctly predicts the observed
experimental trends in these values and provides quantitative accuracy roughly on par
with a modern long-range corrected density functional, ωB97X. Using VOA-CIS and
ωB97X, the experimental energy diﬀerence between the non-CT and CT excited states
is predicted with root mean squared errors of 0.22 eV and 0.21 eV, respectively. The
square of the electronic coupling between these states is predicted with root mean
squared errors of 0.08 eV2 and 0.07 eV2, respectively. Orbital optimized CIS (OOCIS) and CIS(D), two perturbative corrections to CIS, provide a signiﬁcant correction
to the errant relative energies predicted by CIS, but the correction is insuﬃcient to
recover the experimentally observed trend.

I. INTRODUCTION

kI → F =

Eﬃcient photoinduced charge separation reactions are central
to the performance of natural photosynthetic systems and to
emerging technologies for renewable energy production,
including both bulk heterojunction devices1 and systems for
artiﬁcial photosynthesis.2−5 The desired electron transfer
reactions in these systems must outcompete deactivation
processes to avoid dissipating captured energy as waste
heat.1−6 For example, in the reaction center of purple nonsulfur
bacteria, excitation of a special pair of bacteriochlorophyll
molecules, P865, initiates rapid electron transfer to a nearby
bacteriopheophytin in ∼3 ps followed by charge shift to
ubiquinone QA (τ ∼ 200 ps) and then to ubiquinone QB (τ ∼
200 μs), generating a distal electron−hole pair and storing
energy eﬃciently in a long-lived charge separated state.7,8
Similarly tuned photoinduced charge separation and electron
transfer cascades are required for high performance bulk
heterojunction devices1,6,9 and artiﬁcial solar-to-fuel energy
conversion.2−5
Quantitatively accurate and computationally inexpensive
predictions of photoinduced electron transfer reaction rates
within molecular systems from ﬁrst-principles could facilitate
rapid, rational design of eﬃcient materials for solar energy
conversion. However, useful accuracy with inexpensive
methods remains diﬃcult to achieve. In the nonadiabatic
high-temperature or activated crossing limit, Marcus theory
predicts that the rate of electron transfer is given by10,11
© 2014 American Chemical Society
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where kI→F is the rate of electron transfer from the initial state
(I) to the ﬁnal state (F), HIF is the diabatic electronic matrix
element for the coupling between the two states, λ is the
reorganization energy, and ΔG° is the total free energy change
between the initial and ﬁnal states. For eq 1, the high
temperature or activated crossing limit requires that kbT ≫
(ℏω)2/λ, where ω is the maximum frequency of any nuclear
vibrational mode coupled to the electronic system.11,12 Eq 1
also assumes that two shifted parabolas represent the freeenergy surfaces for the nuclear vibrations of the initial and ﬁnal
states and that ﬁrst-order time-dependent perturbation theory
is valid for the reaction.
Recently, Subotnik et al. accurately predicted triplet−triplet
energy transfer rates from biphenyl or benzophenone donors to
a naphthalene acceptor across a series of rigid bridging
molecules, using eq 1 in conjunction with conﬁguration
interaction singles (CIS) theory to compute ΔG°, λ, and,
with a modiﬁed Boys or a Edmiston−Ruedenberg localized
diabatization routine, HIF.13 Initially, we sought to extend this
same methodology to computing HIF for photoinduced
electron transfer reactions. However, it was found that CIS
systematically overestimates the vertical excitation energy of
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initial adiabatic state and the dipole moment of the ﬁnal
adiabatic state:32,33

charge transfer (CT) states relative to non-charge transfer
(non-CT) states by >1 eV.14 This large bias against CT states,
capable of reversing the experimentally observed state ordering,
strongly limits the direct use of CIS theory to predict HIF for
photoinduced electron transfer reactions without a means to
correct the relative state energies.15 To address this problem,
Subotnik and co-workers recently developed the perturbatively
orbital optimized CIS (OO-CIS) method, which provides a
signiﬁcant correction to CT state energies by using a single
Newton−Raphson step to optimize orbitals.16 A variational
extension of OO-CIS, VOA-CIS, was also developed, which can
properly describe electronic structure near a crossing point.17,18
The goal of this work is to determine the potential utility of the
OO-CIS and VOA-CIS wavefunction methods for predicting
electron transfer rates using eq 1.
Excited State Potential Energy Surfaces. As a means of
comparison, we will benchmark OO-CIS and VOA-CIS against
CIS, CIS(D), and TD-DFT. We ﬁrst discuss CIS(D), a
perturbative post-CIS correction, which can improve CIS
energies strongly with moderate computational cost. Designed
by Head-Gordon et al., CIS(D) introduces a doubles and triples
correction while increasing the scaling from N4 for CIS to N5,
where N is the number of orbitals.19 Unfortunately, CIS(D)
only provides corrected energies, not other properties. Also,
because it is a perturbative method, CIS(D) is expected to fail
for nearly degenerate excited states or when the energy
diﬀerence between S0 and S1 is small. The OO-CIS method has
the same limitations. In general, CC2,20 ADC(2),21,22 and
CIS(Dn) methods23 also scale as N5 and should provide
corrected property predictions near excited state crossings,
though only the Hermitian ones will yield the right topology
near a conical intersection.24 [CIS(2) is also variational and
Hermitian and should be stable near crossings.25] In this paper,
we will restrict ourselves to comparisons with CIS(D); in the
future, additional benchmarking against the other methods
mentioned above would be interesting (though a bit more
expensive).
Next, we turn our attention to time-dependent density
functional theory (TD-DFT), which provides an alternative for
computing excited state energies and properties with moderate
computational cost (without relying on a wavefunction in
theory). While TD-DFT has many successes in the literature,
local exchange-correlation DFT functionals tend to underestimate the energy of CT states and (unlike CIS) do not
exhibit the correct −1/r distance-dependence for the potential
energy of CT states, where r is a distance coordinate between
the separated charges.26,27 To calculate accurate CT and nonCT excited state energies,28−31 one must employ long-range
corrected (LRC) functionals, which partition the coulomb
operator to include exact Hartree−Fock exchange at long-range
(and thus recover the correct −1/r distance dependence30,32).
In this paper, we will benchmark the OO-CIS and VOA-CIS
methods versus the cheap, long-range corrected ωB97X
functional.32
Electronic Couplings. To compute the square of the
electronic coupling, |HIF|2 in eq 1, a number of diabatization
schemes are available,33 including Generalized Mulliken−Hush
(GMH),34,35 Boys localization,36,37 fragment charge diﬀerence
(FCD),38 and constrained DFT.39−42 To apply the GMH
method to a two-state problem, the dipole matrix elements of
the adiabatic states |Φ1⟩ and |Φ2⟩ are calculated and one then
v0 , the diﬀerence between the dipole moment of the
focuses on ⇀

⇀
ν0 = ( ⇀
μ11 − ⇀
μ22 )/| ⇀
μ11 − ⇀
μ22 |

(2)

The adiabatic dipole matrix elements are projected onto ⇀
v0 , and
the projected dipole matrix is diagonalized.34,35 The rotation
matrix that diagonalizes the projected dipole matrix is used as
the adiabatic to diabatic transformation matrix.34,35 Boys
localization provides an extension to GMH for systems with
more than two charge centers.36 In the two-state case, Boys
μ12 are
localization provides the same result as GMH if ⇀
v0 and ⇀
36
parallel or antiparallel.
While this paper will use GMH and Boys localization to
calculate diabatic couplings, it is worthwhile to highlight how
these methods diﬀer from the other popular diabatization
techniques listed above. Similar to Boys localization, the
fragment charge diﬀerence method can model ET systems
while accounting for multiple charge centers. FCD forms
diabats from adiabats by maximizing charge separation between
diabats; however, the method requires a priori assignment of
donor and acceptor fragments so as to measure charge
locality.38 Finally, constrained density functional theory
(CDFT) is a very diﬀerent approach from GMH or Boys
localization. CDFT constructs diabatic states directly (without
ﬁrst forming adiabats) by insisting that various molecular
fragments have predetermined charges. Thus, similar to the
fragment charge diﬀerence method, CDFT requires a priori
assignment of donor and acceptor groups, which may be
problematic for donor and acceptor fragments that are not
spatially well-separated.39−42 Constrained density functional
theory is also limited to the calculation of the electronic
coupling between the ground state and the lowest energy
charge transfer state or the electronic coupling between charge
localized states in a mixed valence system.42 As a result, CDFT
does not apply easily to the computation of electronic coupling
for photoinduced charge separation reactions (which is the
focus of this article).42
Outline. In the end, this paper will address the potential
utility of the OO-CIS and VOA-CIS wavefunction methods for
predicting electron transfer rates by quantifying their ability to
predict the relative energies of non-CT and CT states and the
square of the electronic coupling, |HIF|2, between such states for
a series of six small donor−acceptor dyads. Following the work
of Pasman et al.,43 a perturbative approach based on a spectral
analysis of excitation energies and oscillator strengths is used to
compute |HIF|2. For comparison, the GMH and Boys
localization methods will also be used to compute |HIF|2. The
results are compared with experimental values, and, as indicated
above, benchmarked against CIS, CIS(D), and the LRC ωB97X
functional.
The format of the remainder of this paper is as follows. In
Section II, experimental reference data reported by Pasman et
al.43 for the six donor−acceptor dyads is presented. Additionally, the experimental methods43 used to estimate the energy
diﬀerence and square of the electronic coupling between the
CT and non-CT states for each dyad are reviewed. In Section
III, the computational methods are described. In Section IV, the
computational results are presented and evaluated in terms of
how well each method predicts the experimental values.
Conclusions are given in Section V.
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II. EXPERIMENTAL REFERENCE DATA
Over 30 years ago, Pasman and co-workers reported the
absorption spectra of the small molecule donor−acceptor dyads
1b−1c and 6a−6d and the corresponding acceptor-only
molecules 11b−11c and 10a−10d (Figure 1) in n-hexanes at

εCT
εnon − CT

=

|HIF|2
(2E Ref − Enon − CT − ECT)2

(3)

where εCT is the extinction coeﬃcient of the CT transition,
εnon‑CT is the extinction coeﬃcient of the non-CT transition,
Eref is the energy of the non-CT excited state in the
corresponding acceptor-only compound, Enon‑CT is the energy
of the non-CT excited state in the donor−acceptor dyad, and
ECT is the energy of the charge transfer excited state in the
donor−acceptor dyad.43

III. METHODS
General. All calculations were performed with the 6-31G*
basis set using Q-Chem 3.2 or later and, for VOA-CIS, a
modiﬁed developer version of Q-Chem.45 Because the
reference data was collected in n-hexanes, solvent eﬀects (e.g.,
signiﬁcant solvent stabilization of CT states) are expected to be
minimal and no solvent model was used. Moreover, it is of
interest to determine if the OO-CIS and VOA-CIS methods
can provide accurate results using a moderately sized basis set
and no solvation as these conditions would allow for
comparatively fast candidate screening for solar energy
conversion applications.
Geometry Optimization. Optimized ground state geometries were obtained using both the MP2 method and the
ωB97X functional. For 6a−6d and 10a−10d, the chair
conformation was used based on the reported similarity of
the spectra of 6b and 6c to analogous molecules (see 5b and
5c)43 constrained by a fused ring to the chair conformation.
Frequency calculations conﬁrmed the absence of imaginary
modes for each optimized geometry.
Excited State Calculations. MP2 optimized geometries
were used for CIS, CIS(D), OO-CIS, and VOA-CIS
calculations. For ωB97X calculations, geometries optimized
with the ωB97X functional were used. VOA-CIS was
performed using the VOA-CIS-G(10,2) option and a rimp2cc-pvdz auxiliary basis set.

Figure 1. Molecules considered in this study. Molecules 1b−1c and
6a−6d have both donor and acceptor groups and exhibit low-energy
CT and non-CT transitions. Molecules 11b−11c and 10a−10d are
corresponding reference compounds without donor groups that
exhibit a single dominant low-energy non-CT transition.

20 °C.43 For each of the small molecule donor−acceptor dyads,
there are two low-lying electronic transitions with signiﬁcant
oscillator strength.43 Conversely, in each acceptor-only
molecule, a single dominant transition occurs at slightly lower
energy than the high-energy transition in the corresponding
dyad with an intensity approximately equal to the sum of the
two low-lying transitions for the dyad.43 On the basis of these
observations, the lower-energy transition, observed only in the
dyads, has been assigned to the formation of a CT state and the
higher-energy transition, observed in both the dyads and
acceptor-only molecules, to the formation of a non-CT state
resulting primarily from local π → π* excitation of the acceptor
group.43
For the donor−acceptor dyads 1b−1c and 6a−6d, the
energy diﬀerence ΔE = Enon‑CT − ECT and the square of the
electronic coupling, |HIF|2, between the observed CT and nonCT states were estimated experimentally (Table 1). 43
Speciﬁcally, ΔE was determined by using the λmax of the
observed transitions in the donor−acceptor dyads to
approximate the excitation energies.43 For each dyad, |HIF|2
was estimated using eq 3 below, which can be derived using
ﬁrst-order perturbation theory:44

IV. NUMERICAL RESULTS
State Assignments. To analyze the excited state results, a
correspondence between the computed transitions and the
experimentally observed CT and non-CT transitions is
required. Figures 2, 3, and 4 show the transitions computed

Table 1. Energies and Extinction Coeﬃcients of Non-CT and CT Transitions, ΔE, and |HIF|2 for 1b−1c and 6a−6d.43 Energies
and Extinction Coeﬃcients of Non-CT Transitions for 11b−11c and 10a−10d.43
molecule

non-CT (eV)

non-CT ε (M−1 cm−1)

CT (eV)

CT ε (M−1 cm−1)

ΔE (eV)

|HIF|2 (eV2)a

1b
1c
6a
6b
6c
6d
11b
11c
10a
10b
10c
10d

5.42
5.44
5.90
5.44
5.44
5.39
5.12
5.12
5.69
5.29
5.31
5.23

8780
8300
15700
10000
13500
9870
14400
12000
15400
14700
18200
10000

3.92
3.91
4.88
4.36
4.28
4.08
−
−
−
−
−
−

4900
4500
2920
2100
2860
1910
−
−
−
−
−
−

1.50
1.54
1.02
1.08
1.17
1.31
−
−
−
−
−
−

0.46
0.43
0.066
0.13
0.17
0.19
−
−
−
−
−
−

a

These values are calculated using eq 3 with the reported energies and extinction coeﬃcients. Adapted with permission from ref 43. Copyright 1982
American Chemical Society.
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Figure 2. Excitation energies and oscillator strengths for 1b−1c and 6a−6d calculated using CIS are plotted in (A−F), respectively, for excitation
μ rel | ≥ 2.1 au). Solid blue indicates non-CT states (| ⇀
μ rel | < 2.1 au). Arrows identify the dominant lowenergies < 8.5 eV. Red indicates CT states (| ⇀
energy CT and non-CT transitions assigned to the experimentally observed transitions. The non-CT transition for acceptor-only molecules 11b−
11c and 10a−10d calculated with CIS are shown in (A−F), respectively, as empty blue circles with dashed blue lines.

using CIS (up to 8.5 eV), VOA-CIS (up to 7.5 eV), and ωB97X
(up to 7.5 eV), respectively. To aid identiﬁcation, states with a
relative dipole moment, | ⇀
μ rel | = | ⇀
μex − ⇀
μgs |, greater than or
equal to 2.1 au are assigned as CT states (red), while states with
|⇀
μ rel | < 2.1 au are assigned as non-CT states (blue).
For each dyad, CIS predicts a single CT state below 8.5 eV.
This transition is assigned to the experimentally observed CT
transition. For 1b−1c and 6a−6c, there is a single dominant
low-energy non-CT transition which is assigned to the
experimentally observed non-CT transition. CIS predicts two
strong non-CT transitions in the 6−7 eV range with oscillator
strengths >0.18 for 6d. The lower-energy transition is assigned
to the lowest energy experimentally observed non-CT
transition. Since OO-CIS and CIS(D) are perturbative methods
that correct the CIS energies, the same state assignments were
made for OO-CIS and CIS(D).
For each dyad, VOA-CIS predicts a single low-energy CT
state, which is readily assigned to the experimentally observed

CT state. For 1c, 6a, 6c, and 6d, there is a single dominant lowenergy (<7.5 eV) non-CT transition that is assigned to the
experimentally observed non-CT transition. VOA-CIS predicts
two non-CT transitions with oscillator strengths >0.05 at
energies below 7 eV for 1b and 6b. In each case, the higherenergy transition is assigned to the experimentally observed
non-CT transition based on the signiﬁcantly higher oscillator
strengths of these transitions, which are commensurate with the
high experimentally observed extinction coeﬃcients (ε = 8780
M−1 cm−1 and ε = 10000 M−1 cm−1, respectively, Table 1).
Conﬁrming these assignments, dominant non-CT transitions at
similar energies were computed for reference molecules 11b
and 10b (vide infra).
As in VOA-CIS, for each dyad ωB97X predicts a single lowenergy CT state that is assigned to the experimentally observed
CT state. For 1c and 6a−6d, there is a single dominant lowenergy (<7.5 eV) non-CT transition that is assigned to the
experimentally observed non-CT transition. ωB97X predicts
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Figure 3. Excitation energies and oscillator strengths for 1b−1c and 6a−6d calculated using VOA-CIS are plotted in (A−F), respectively, for
μ rel | ≥ 2.1 au). Solid blue indicates non-CT states (| ⇀
μ rel | < 2.1 au). Arrows identify the
excitation energies < 7.5 eV. Red indicates CT states (| ⇀
dominant low-energy CT and non-CT transitions assigned to the experimentally observed transitions. The non-CT transition for acceptor-only
molecules 11b−11c and 10a−10d calculated with VOA-CIS are shown in (A−F), respectively, as empty blue circles with dashed blue lines.

assignments are made for OO-CIS and CIS(D). For each
reference molecule, VOA-CIS predicts a single strong non-CT
transition (oscillator strength >0.45) at energies <7.4 eV with
all other transitions in this energy range having oscillator
strengths <0.03. Each of these strong transitions is assigned to
the corresponding experimentally observed non-CT transition.
Similar to VOA-CIS, for each reference molecule ωB97X
predicts a single strong non-CT transition (oscillator strength >
0.54) at energies < 7.5 eV, with all other transitions in this
energy range having oscillator strengths <0.04. Each strong
transition is assigned to the respective experimentally observed
non-CT transition.
Computed versus Experimental ΔE. With the use of the
states assignments and the computed excitation energies shown
in Figures 2−4, the predicted ΔE values for each method were
determined. Figure 5 plots these calculated values versus the
experimental ΔE values (Table 1). Figure 6 displays the root
mean squared error (RMSE) for each method. For each dyad,
CIS inverts the experimentally observed state ordering

two non-CT transitions in the 5−7 eV range with oscillator
strengths >0.05 for 1b. As described above for VOA-CIS, the
higher-energy transition is assigned to the experimentally
observed transition on the basis of its signiﬁcantly higher
oscillator strength and a computed dominant non-CT
transition at a similar energy for 11b (vide infra).
Among the computed transitions for reference molecules
11b−11c and 10a−10d, the experimentally observed non-CT
transition can be identiﬁed based on its oscillator strength and
energy relative to the non-CT transition identiﬁed in each dyad.
The assigned transitions are shown for CIS, VOA-CIS, and
ωB97X in Figures 2−4, respectively, as blue empty circles with
dashed lines. Speciﬁcally, CIS theory predicts for each reference
molecule that the lowest-energy transition with nonzero
oscillator strength is a strong non-CT transition (oscillator
strength >0.14) with an excitation energy similar to that
computed for the non-CT transition in each respective dyad.
These transitions are assigned as the experimentally observed
non-CT transitions in the reference molecules. The same state
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Figure 4. Excitation energies and oscillator strengths for 1b−1c and 6a−6d calculated using ωB97X are plotted in (A−F), respectively, for excitation
μ rel | ≥ 2.1 au). Solid blue indicates non-CT states (| ⇀
μ rel | < 2.1 au). Arrows identify the dominant lowenergies < 7.5 eV. Red indicates CT states (| ⇀
energy CT and non-CT transitions assigned to the experimentally observed transitions. The non-CT transition for acceptor-only molecules 11b−
11c and 10a−10d calculated with ωB97X are shown in (A−F), respectively, as empty blue circles with dashed blue lines.

Computed versus Experimental |HIF|2. Using the
computed energies and oscillator strengths for the non-CT
and CT transitions in each dyad, 1b−1c and 6a−6d, as well as
the computed energy of the non-CT transition in the
corresponding reference molecules, 11b−11c and 10a−10d,
eq 3 was used to compute |HIF|2 between the non-CT and CT
state in each dyad, substituting the computed oscillator
strengths for extinction coeﬃcients. The resulting values for
each computational method are plotted in Figure 7 versus the
experimental |HIF|2 values from Table 1. The RMSE for each
computational method is graphed in Figure 6. For OO-CIS and
CIS(D), which only provide corrections to the CIS energies,
the CIS oscillator strengths were used to calculate the |HIF|2
values shown.
CIS, OO-CIS, and CIS(D) all provide inaccurate electronic
coupling with RMSE values of 0.24 eV2, 0.28 eV2, and 0.23 eV2,
respectively. This result is unsurprising given that CIS
consistently underestimates the oscillator strength of the CT
transition relative to the oscillator strength of the non-CT
transition and CIS, OO-CIS, and CIS(D) all incorrectly predict

(calculated ΔE < 0) and produces errors in excess of 2.1 eV
(RMSE = 2.43 eV). OO-CIS gives a signiﬁcant energy
correction to the CT states suﬃcient to recover the correct
state ordering for 6c and 6d; however, OO-CIS still
underestimates ΔE by at least 0.8 eV for each dyad with
RMSE = 1.54 eV. CIS(D) is consistently more accurate than
OO-CIS with a RMSE of 1.12 eV, however, it also fails to
predict the experimentally observed trend. VOA-CIS and
ωB97X have nearly equivalent RMSE of 0.22 eV and 0.21 eV,
respectively. Qualitatively, VOA-CIS follows the experimental
trend as shown by the linear least-squares ﬁt (blue line) in
Figure 5. However, the uncertainty in the slope and intercept
are large with estimated values of 1.1 ± 0.4 and −0.3 ± 0.5
(value ± standard error), respectively, and R2 = 0.64. The ΔE
values computed with ωB97X also qualitatively predict the
experimental trend as shown by the linear least-squares ﬁt (light
blue dashed line) in Figure 5. The ωB97X values show less
deviation from a linear ﬁt with corresponding slope and
intercept estimates of 1.46 ± 0.07 and −0.8 ± 0.1 (value ±
standard error), respectively, and R2 = 0.99.
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Figure 5. Calculated ΔE values using each method are plotted for 1b−
1c and 6a−6d and compared with the experimental values. For
reference, the dashed line shows an exact match between calculated
and experimental values. Linear least-squares ﬁts to the ΔE values
computed using VOA-CIS (slope = 1.1 ± 0.4, vertical axis intercept =
−0.3 ± 0.5, reported as value ± standard error, R2 = 0.64) and ωB97X
(slope = 1.46 ± 0.07, vertical axis intercept = −0.8 ± 0.1, reported as
value ± standard error, R2 = 0.99) are shown as blue continuous and
light blue dashed lines, respectively.

Figure 7. |HIF|2 values calculated using eq 3 (with oscillator strengths
substituted for extinction coeﬃcients). Computational values from a
variety of diﬀerent electronic structure methods are plotted for 1b−1c
and 6a−6d versus the experimental values. For reference, the dashed
line shows an exact match between calculated and experimental values.
Linear least-squares ﬁts to the |HIF|2 values computed using VOA-CIS
(slope =1.3 ± 0.2, vertical axis intercept = −0.10 ± 0.06, reported as
value ± standard error, R2 = 0.91) and ωB97X (slope = 1.0 ± 0.1,
vertical axis intercept = −0.05 ± 0.03, reported as value ± standard
error, R2 = 0.96) are shown as blue continuous and light blue dashed
lines, respectively.

Table 2. Calculated Values of |HIF|2 (eV2) Obtained Using
Generalized Mulliken−Hush Theory with CIS, VOA-CIS,
and ωB97X for 1b−1c and 6a−6d, Root Mean Squared
Error vs. the Experimental Values, and Sample Correlation
Coeﬃcients for Comparisons Among CIS, VOA-CIS, and
ωB97X Methods

Figure 6. Root mean squared error for the computed ΔE values and
the |HIF|2 values computed using eq 3 for 1b−1c and 6a−6d.

the relative energies of these transitions. Conversely, VOA-CIS
and ωB97X both reliably predict the experimentally determined
|HIF|2 values with RMSE values of only 0.08 eV2 and 0.07 eV2,
respectively.46 In comparison to CIS, VOA-CIS and especially
ωB97X more closely reproduce the experimentally observed
εCT/εnon‑CT ratio. VOA-CIS and ωB97X also both predict the
oscillator strength of the non-CT transition in the reference
molecule to be approximately equal to the sum of the CT and
non-CT transitions in each corresponding dyad, as observed
experimentally. For VOA-CIS and ωB97X, the computed
oscillator strength ratios combined with the accuracy of the
computed relative transition energies result in accurate
predictions of |HIF|2 using eq 3. Linear least-squares ﬁts of |
HIF|2 values computed with VOA-CIS and ωB97X are shown in
Figure 7. Both VOA-CIS and ωB97X correctly predict the
experimental trend in |HIF|2 values with ωB97X slightly
outperforming VOA-CIS in this regard. For VOA-CIS and
ωB97X, respectively, the estimates ± the standard error for the
slopes are 1.3 ± 0.2 and 1.0 ± 0.1, while the corresponding
vertical axis intercepts are −0.10 ± 0.06 and −0.05 ± 0.03.
For comparison, |HIF|2 values were computed for each dyad
using the GMH algorithm of Cave and Newton34,35 with CIS,
VOA-CIS, and ωB97X (Table 2). The |HIF|2 values for VOACIS were also computed using Boys localization.36,37 The Boys

molecule

CIS

VOA-CIS

ωB97X

1a
1b
6a
6b
6c
6d
RMSE vs Experimental:

0.24
0.19
0.066
0.084
0.053
0.077
0.15

0.38
0.24
0.057
0.079
0.052
0.13
0.10

0.28
0.22
0.068
0.070
0.064
0.13
0.13

Sample correlation with
CIS
VOA-CIS
ωB97X

1
0.98
0.97

−
1
0.99

−
−
1

localization results diﬀered from the GMH results by less than
0.0033 eV2 for each dyad. For the dyads considered, this
indicates the validity of the GMH approximation that the
important direction is the one deﬁned by ⇀
v0 (eq 2). Figure 8
plots the |HIF|2 values computed with GMH versus the
experimental values from Table 1. For VOA-CIS and ωB97X,
the |HIF|2 values calculated using GMH show greater deviation
from the experimental values than those computed with eq 3.
While some of this disagreement could reﬂect limitations of the
GMH and Boys methods, this disagreement could also very
likely be due to errors in the experimental estimates from eq 3.
After all, eq 3 assumes that |HIF|2 should be small but |HIF|2 is
relatively large for the dyads considered here, and the
magnitude of the electronic coupling estimated experimentally
with eq 3 approaches ΔE.
Finally, we end this discussion by mentioning a peculiarity.
For each dyad, the |HIF|2 values calculated via GMH theory
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to CIS theory, while a signiﬁcant improvement over CIS, do
not provide this required accuracy nor do they reliably make
qualitative predictions of trends in the relative energies or
electronic coupling between non-CT and CT states. That being
said, VOA-CIS, which combines the doubles contributions
incorporated in CIS(D) theory and orbital optimization used in
OO-CIS,17,18 provides not only qualitative predictions of trends
but also nearly quantitative accuracy in predicting the energy
diﬀerences and electronic coupling between non-CT and CT
states. Remarkably, VOA-CIS accomplishes this with no
parametrization based on experimental data, providing accuracy
roughly on par with that achieved with the ωB97X functional.
Although parametrized with experimental data, the performance of ωB97X in reproducing the experimental ΔE and |HIF|2
values is notable here, especially since excitation energies were
not ﬁt during the parametrization.32 Other functionals that
were parametrized to reproduce experimental excitation
energies, including LRC-ωPBEh, may oﬀer further accuracy
improvements.28 In regard to VOA-CIS, since the memory
requirements are moderate and the algorithm is highly
parallelizable,17,18 it may prove to be a useful tool for guiding
the rational design of eﬃcient charge-separating materials for
solar energy conversion technologies. Once a parallelized
implementation is ready, further study should be undertaken to
assess the performance of VOA-CIS for predicting electron
transfer rates in larger donor−bridge−acceptor systems and in
the limit of weaker electronic coupling than that exhibited by
the small donor−acceptor dyads studied in this work.

Figure 8. |HIF|2 values computed using Generalized Mulliken−Hush
with CIS, VOA-CIS, and ωB97X are plotted versus the experimental
values for 1b−1c and 6a−6d.

using CIS, VOA-CIS, and ωB97X are very similar as evidenced
by (i) the sample correlation coeﬃcients that approach one for
each pair of methods (Table 2) and (ii) the graph in Figure 9,
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which shows the |HIF|2 values computed using GMH for CIS
and VOA-CIS versus the values computed with ωB97X. Given
that, for each dyad, VOA-CIS and ωB97X produce similar ΔE
values and |HIF|2 values via eq 3, it is perhaps not surprising that
the |HIF|2 values calculated via GMH theory would also be
similar. However, it is not immediately clear why CIS, which
fails to predict the same state ordering and gives markedly
diﬀerent |HIF|2 values via eq 3, should produce such similar
|HIF|2 values via GMH theory. This result may be related to a
recent observation from Cave and Newton, which suggests that
|HIF|2 values calculated via GMH theory should be insensitive to
errors in diabatic state energies.47 Nonetheless, further
investigation is warranted to determine if |HIF|2 values
calculated with GMH theory using CIS versus VOA-CIS and
ωB97X methods consistently correlate despite large diﬀerences
between the predicted state energies.
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