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Hybrid DFT 

E
xc

ρ[ ] = Cx
E
x

GGA ρ[ ]+ Ec

GGA ρ[ ]+ 1−Cx( )EK

HF

 

Property HF Hybrid MP2 CCSD(T) 

IPs and EAs ±0.5 eV ±0.2 eV ±0.2 eV ±0.05 eV 
Bond 

Lengths 
-1% ±1 pm ±1 pm ±0.5 pm 

Vibrational 
Frequencies 

+10% +3% +3% ±5 cm-1 

Barrier 
Heights 

+30-50% -25% +10% ±2 kcal/mol 

Bond 
Energies 

-50% ±3 kcal/mol 
±10 

kcal/mol 
±1 kcal/mol 

 
 

Why does this work so well? 
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Manifestations of SIE in Chemistry 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 So then we should include 100% HF exchange, right? 
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Example 1: Antiferromagnetism 
 

 
 
 

 
 

 
 
Example 2: Bond Energy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Theoretical Justification: Adiabatic Connection 

In DFT, Exc contains more than just e-e interaction terms 
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How do we get these extra kinetic energy terms? 
Idea: Adiabatic Connection 
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Adiabatic Connection Theorem: 
 

E
xc

ρ[ ] = V
ee

λ ρ[ ]dλ
0
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∫  

 
 
 
 
Range Separated Hybrids 
 
 

1

r
=
erf ωr( )

r
+
1− erf ωr( )

r
 

 
 
 
 
 
Original Idea: Treat LR with HF, short range with DFT 
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FIG. 5. IP-optimized SR/LR separation (1/ω) for linear oligothiophenes as a
function of the number of thiophene rings, n.

The comparison of the results for the polyene and alkane
chains underscores that the characteristic length 1/ω is sensi-
tive not only to the size of the system but also, importantly, to
the extent of conjugation. In this context, we now turn to two
other types of conjugated systems, the oligothiophenes and
oligoacenes, which are of high interest in the field of organic
semiconductors.

B. Oligothiophenes and oligoacenes

Figure 5 displays the results for the IP-optimized SR/LR
separation in oligothiophene chains containing up to n = 16
rings. A quasilinear progression of 1/ω is observed for the
shorter oligomers up to sexithienyl; saturation sets in at about
n = 10. If we take account of only the C–C conjugated path
along the oligomers, n = 10 rings correspond to 20 C–C dou-
ble bonds. In comparison to the polyene series, saturation oc-
curs at an earlier stage, which is consistent with the aromatic
character of the oligothiophene molecules.

Based on DFT calculations at the B3LYP level, large
unsubstituted acenes beyond hexacene have been predicted
to display an antiferromagnetic open-shell singlet diradical
ground state.41 However, the question as to whether and at
which length a transition occurs from closed-shell to open-
shell ground states remains a controversial topic, particularly
since the results can be expected to be significantly influenced
by the level of theory.42, 43 As a result, we have chosen here to
limit our discussion to oligoacenes up to nonacene and to treat
the electronic ground states of all oligomers as closed-shell
singlets. While the issues related to triplet instabilities in the
acene series and the diradical character of long oligoacenes
are beyond the scope of this work, they will be addressed in a
separate study employing IP-optimized LRC-hybrid function-
als. The results for oligoacenes containing up to n = 9 rings
are given in Fig. 6.

Interestingly, the results show a clear linear progression
with no sign of saturation for the longer acenes. If we as-
sume that the closed-shell ground state extends beyond n = 9
rings, we actually find that the IP-optimized range-separation
presents a linear progression through 20 repeat units without
indication of a saturation onset. Considering that oligoacenes
can be viewed as formed by two strongly coupled polyene
chains running along the periphery of the oligomers, this ob-
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FIG. 6. IP-optimized SR/LR separation (1/ω) for oligoacenes as a function
of the number of fused benzene rings, n.

servation is consistent with the results discussed above for the
polyene chains.

To verify the generality of our results and make sure
they are representative of all LRC-hybrid functionals irrespec-
tive of the underlying semilocal approximations, we carried
out additional calculations with other LRC-hybrids including
LC-BOP, LC-ωB97, LC-ωB97X, and LC-ωB97XD. The op-
timized ω values for these functionals follow exactly the same
trend as for the LC-BNL and the LC-ωPBE functionals dis-
cussed above. While the IP-optimized ω values for LC-BOP
and LC-ωB97 are generally close to the ones for LC-BNL
and LC-ωPBE, those for LC-ωB97X and LC-ωB97XD are
smaller and closer to the ones obtained for the LC-ωPBEh
functional. This again reflects the fact that the introduction of
fractional short-range Hartree-Fock exchange offsets the size-
dependency-curve for the optimized ω values by a constant.

Importantly, the fact that the details of the underlying
semilocal approximations to exchange and correlation do not
significantly influence the evolution of the IP-optimized ω

values with chain length highlights that the IP-optimized
range-separation parameter captures the spatial extent of elec-
tronic coupling, i.e., an intrinsic property of the system of in-
terest. It is thus not surprising that this concept can be related
to what is typically referred to as conjugation length or chem-
ical hardness/softness. As the IP-optimized ω value is fully
derived from the electronic structure of the system and obeys
constraints that are required from the exact functional, we be-
lieve that it has the potential to offer an alternative represen-
tation of the conjugation length that can be determined solely
from first principles.

C. Evaluation of ionization potentials and
fundamental energy gaps with IP-optimized
functionals

We now comment on the actual performance of the
IP-optimized LRC-hybrids for predicting the ionization
potentials and fundamental energy gaps in oligoacenes. We
note that the performance of the optimized LRC functionals
has been addressed already by many authors,11, 14–16, 20, 21 and
a detailed study of the benefits of these approaches is beyond
the scope of this work. In Table I, we compare the HOMO
eigenvalues obtained from the IP-optimized LRC-hybrids to
experimental IPs as well as to the best available theoretical
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Dispersion Interactions 
Weak, Long Range Correlation Effect: 
 
 
 
 
 
 
Three (Good) Ideas: 

Double Hybrid DFT 
 
 Exc ρ[ ] = CxEx

GGA ρ[ ]+CcEc
GGA ρ[ ]+ 1−Cx( )EK

HF + 1−Cc( )Ec
MP2  

 
  ✔Exploits good properties of Ψ theory  
  ✗Cost of MP2 
 

Atomic Partitioning of Density 
 

ρ→ ρA + ρB + ρC + ...  
C6

IJ = F ρI ,ρJ[ ]  
  ✔Cheap, Density Based  
  ✗What about C8? Or Three Body Dispersion? 
 

Nonlocal Functionals 
 

Ec ρ[ ] = ρ r1( )φ r1,r2,ρ( )∫ ρ r2( )dr1dr2  
 

 ✔Builds new physics into correlation functional 
  ✗Difficult to derive new functionals 
 
 
Suggested Further Reading:  
 Cohen, Mori-Sanchez, Yang, “Challenges for DFT”, Chem Rev 
112, pp289-320 (2012). 
 Burke, “Perspective on DFT” J Chem Phys 136, 150901 (2012). 
 Klimes and Michaelides, “Advances and challenges in treating 
vdW dispersion forces in DFT,” J Chem Phys 137 120901 (2012). 
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