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Electronic coupling between Gkt donor/acceptor groups at the termini of trans alkyl chain€HCH,),—>—

CH,, n = 4-16] was investigated using HartreBock (HF) theory, second-order MollePlesset perturbation
theory (MP2), and density functional theory (DFT). For each method the couplings in the ions were calcula
in two ways: (1) the difference in donor/acceptor orbital energies [Koopmans’ theorem (KT)] and (2) th
difference between the ground state and first excited state energy of the\iBns The distance dependence
of the coupling in anions was found to be independent of the method used, indicating that electron correlat
has little effect. In contrast, the distance dependence of the couplings in cations was very dependent or
method used. For cations, couplings fréfDFT calculations have a weak distance dependefice 0.4)
similar to that found previously for KT couplings from HB ¢ 0.4), while couplings from KT(DFT) and
AMP?2 calculations have a stronger distance depend¢hee((6—0.7) similar to that found previously from
AHF calculations. When energetics are examined, it appears that the weak distance dependence for sor
the methods may arise from small energy differences between the donor/acceptor levels and the energi
the filled orbitals. This was confirmed by calculations on a series of trans alkyls with different donor/accept
groups (NH, SiH,, PH,). The couplings for the anions have a stronger distance depengenc€.6—0.7)

in all of the methods. Finally, it is found that the inclusion of diffuse functions in the basis set does nt
introduce problems for the calculation of anion couplings by density functional theory, in contrast to ab init
molecular orbital calculations where erratic results are obtained.

. Introduction hydrocarbon spacef$38 This is in contrast teAHF calculations

which compute a stronger distance dependence (If)gefhe

KT method has also been used in calculations that predict that

constructive interference can result in “superbridges” which
V = V(0)e 7" (1) enhance the transmission of electronic coupling by orders of

magnitudet*4>

governs much of the distance and orientation dependence of |t there are special principles that can selectively improve

long-distance electron-transfer (ET) rates. The idea that thethe efficiency of desirable long-distance charge-transfer pro-

material between the donor and acceptor has a major role incegses, they could have great value in the design of molecular

promoting the electronic coupling interaction is well  gevyices for energy storage and a variety of other purposes. They

established 8 Experiments in our laboratories measured the could, for example, enable chemists to design arrays of

. . 1 . .
exponential attenuation parametdyto be 1.2 A*through a  yojecylar groups in which electrons are transferred over large
rigid glas$ and slightly less than 1.0 & in intramolecular ET

Electronic coupling¥), with its exponential dependence on
distance,

through a connected series of saturated badhddeasurements
by Paddon-Row!~13 Chidseyl415C. Miller,6 Finkleal” Mal-
louk,!® McLendon!® and co-workers supported these values,
although experiments of Ku#9;?! Moebius?? Isied?® and
Bartor?*25 suggested the possibility of much smaller values.
Theoretical studi€§ 4> have used methods from semiem-
pirical to ab initio molecular orbital theory including Koopmans’
theorem (KT) applied to Hartreg~ock (HF) orbital energies,
AHF (which is often called\SCF),AMP2, and direct calcula- . ;
tion from charge-localized, diabatic states. Of these methods, Density functional theory (DFTj~*® has recently become
KT has been most widely applied. It is the least computationally Widely used in quantum chemistry for the calculation of
demanding and can sometimes supply better resultsAhh struct.ures, regctlon energies, and other properues of molecules
due to a tendency for cancellation of errors from relaxation and Density functional methods have been found to yield results of
correlation. The KT method also makes the exciting prediction quality comparable to second-order Motid?lesset (MP2)

that hole-transfer couplings are especially efficient for long Perturbation theory or highéf. Since DFT methods include
correlation effects and are computationally less demanding than

® Abstract published irAdvance ACS Abstractdyovember 15, 1997. comparable correlation level ab initio methods, it is of interest

electron transfer is of great interest, especially given that the
experimental situation is unclear. The purpose of this paper is
to investigate the effect of inclusion of electron correlation on
the distance dependence of electronic couplings through simple,
saturated hydrocarbon spacers. Electron correlation effects are
included using both perturbation theory and density functional
theory (DFT). The use of newer theoretical methods such as
DFT to examine electronic couplings is definitely desirable.
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to determine the reliability of these methods for the calculation H
of electronic couplings. Kim et &P have used both local spin H\
density (LSD) and nonlocal spin density (NLSD) functional C gﬂ—g

theory to study electronic coupling in a series of rigid noncon-
jugated polynorbornyl dienes. The local density calculations
were done with the exchange potential of D¥aand the
correlation functional of Vosko, Wilkes, and Nusgir.Kim et .
al. performed their nonlocal spin density calculations with the H__,»x
gradient-corrected exchange and correlation functionals of O
Becké?and PerdeVf® Several basis sets from minimal to split-
valence plus polarization were used. They found the couplings
from density functional theory to be appreciably smaller than
those from MP2 theory and to fall off somewhat less rapidly
with increasing bridge length than those from MP2 thery.

In this study we have investigated electronic coupling in
straight-chain alkyls [HC—(CH;)n—2—CH,, n = 4—16] using
density functional theory and second-order perturbation theory.
We hoped to learn whether inclusion of correlation effects would
confirm the strongly enhanced hole-transfer couplings through
long, straight-chain hydrocarbons predicted by KT, but not by~ H o, 5 C
the AHF methods$?? and whether DFT is a useful alternative to A
ab initio molecular orbital theory for calculation of couplings. H
In the present study we have used three density functional A2Comi2Hymys, m=0-6, A=N, Si, P
theories, including a hybrid method that combines Hartree
Fock with exchange-correlation functionals. Hybrid methods Figure 1. Structure of the trans alkyl chaiR(C—H) = 1.11 A,R(C—
have been found to produce results in better agreement withC) :.1'?‘:]%DHCCZ 109.5, OHCH, = 120°), where Hrepresents
experiment than do the pure density functional methods for terminal hydrogens.
calculation of some molecular propertfé€® The dependence referred to as a hybrid functional, an idea introduced by Bétke.
of the density functional Coup”ngs on basis set size was also In a recent assessment of denSity functional methods the B3LYP
investigated. The results are compared to couplings from ab functional gave the best agreement with experiment for 148
initio molecular orbital theory using KTAHF, and AMP2 enthalpies of formatioR® Although it did not attain quite as
methods. The theoretical methods are presented in section 11,900d agreement with experiment as high-level ab initio methods

and results are presented and discussed in section IIl. such as G2 theor}f, the average absolute deviation from
experiment was a reasonable 3 kcal/mol. It has also been found
Il. Theoretical Methods to perform well for computation of structures and vibrational

frequencie$?

The ab initio molecular orbital methods used to calculate the \?Ve have calculated couplings in two ways from density
electronic couplings have been described in detail in previous functional theory. The first is based on differences in orbital
work.32 The methods include Koopmans’ theorem (KAHF, energies of the neutral triplet and is analogous to the use of
andAMP2. Koopmans’ theorem is based on energy differences Koopmans' theorem (KT) for calculation of couplings from
between orbitals containing symmetric and antisymmetric orbital energies in ab initio calculations. Formally Koopmans’
combinations of the donor and acceptor groups, whefd#s theorem does not apply to density functional theory. While the
and AMP?2 are based on the energy differencag) between eigenvalues from the KohrShant® equations have no exact
the corresponding states, which are usually the ground and firstphysical significancé! they may have semiquantitative value
excited states of the molecular ions. The KT @tdF methods  since they reflect correlation effects. The couplings from the
are at the HartreeFock level, whereaAMP2 method includes  three DFT methods will be referred to as KT(SVWN), KT-
correlation effects based on second-order perturbation theory.(BLYP), and KT(B3LYP). The second way is based on the
The wave functions have delocalized donor/acceptor orbitals, difference between the energy of the ground and first excited
that is, an equal electron distribution on the terminab@kbups. state of the donor/acceptor moleculsE), similar to what is
Some of the ab initio results have been reported previously, done in theAHF andAMP2 methods. We refer to it asaDFT
but we include them here for completeness in the comparisoncalculation. TheADFT calculations are done using the BLYP
with the DFT results. and B3LYP methods and are referred to ABLYP and

Three density functional methods are used in this study. The AB3LYP. All of the DFT calculations were done with the self-
first is the local spin density functional SVWN which includes consistent KohaSham procedure with an expansion of mo-
the Slater exchange functioR@land the uniform gas ap- lecular orbitals in terms of an orbital ba$fs.
proximate correlation functional of Vosko, Wilkes, and Nu&ir. The structures of the chain alkyls are illustrated in Figure 1.
Next we examined the more sophisticated BLYP density Standard values are used for the bond distances and bond angle!
functional method which includes the Becke (B) exchange In addition, we also calculated some of the couplings using HF/
functionab? and the Lee,Yang, Parr (LYP) correlation func- 3-21G optimized geometries of the ground state cation to assess
tional®” The Becke part involves a single parameter that fits effects of nuclear relaxation. The basis sets used in this work
the exchange functional to accurate computed atomic data. Bothare the 3-21G, 6-31G(d), and 6-8G(d) basis set® The latter
parts involve local density gradients as well as densities. The basis set includes diffuse functions on the carbons. All of the
third is the B3LYP density functional method, a functional that calculations were done with the Gaussian 94 computer program,
is a linear combination of Hartred-ock exchange, 1988 Becke and open-shell systems were done with spin-unrestricted
exchange, and LYP correlation. The B3LYP functional is methods*
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TABLE 1: Couplings in Anions of H,C(CHy),—2CH; Trans Alkyl Chains (in mhartrees)

method 4 6 8 10 12 14 16
KT[HF/6-31G(d)] —6.89 -7.16 —3.49 -0.77 -0.32 -0.15 —0.04
AHF/6-31G(d)] ~10.29 -8.02 -3.28 -0.81 -0.30 -0.11
AHF/6-31+G(d) —3.56 —3.60 —2.78 —2.37
AMP2/6-31G(d) ~10.76 -7.86 -3.75 -1.13 -0.43 -0.17
AMP2/6-3HG(d) —2.92 —2.07 0.91 2.98
KT[SVWN/6-31G(d)] -9.04 —5.74 —2.65 -0.89 -0.36 -0.15 -0.08
KT[BLYP/6-31G(d)] -8.64 —5.63 —2.54 -0.82 -0.32 -0.14 -0.05
KT[B-null/6-31G(d)] -8.30 —5.58 —2.55 -0.79 -0.30 -0.13 -0.05
KT[B3LYP/6-31G(d)] -8.92 -6.10 —2.68 -0.80 -0.31 -0.12 —0.04
ABLYP/6-31G(d) —5.69 —4.69 —2.25 —0.65
AB3LYP/3-21G -8.23 -5.38 —2.37 -0.58
AB3LYP/6-31(d) —-9.91 -6.32 —2.80 -0.82
AB3LYP/6-31+G(d) -8.78 -5.95 —2.68 -0.76 -0.29 -0.12

a See section |l for a description of methods and structures.

TABLE 2: Couplings in Cations of H,C(CHj),—,CH, Trans Alkyl Chains (in mhartrees)

n

method 4 6 8 10 12 14 16
KT[6-31G(d)] -17.68 —10.70 —6.73 -3.86 —2.30 ~1.51 -0.84
AHF[6-31G(d)] ~17.86 ~10.86 -5.14 -2.08 ~0.84 ~0.40 -0.16
AHF[6-31+G(d)] -16.73 -10.38 —4.86 -1.96
AMP2/6-31G(d) ~14.42 —10.40 -6.99 ~3.64 ~1.85 -1.00 —0.46
KT[SVWN/6-31G(d)] -10.74 —6.29 -3.25 -1.38 —0.63 -0.32 -0.14
KT[BLYP/6-31G(d)] ~10.74 -6.24 -3.24 —1.41 —0.66 -0.33 -0.15
KT[B-null/6-31G(d)] -11.28 -6.71 —3.66 ~1.72 —0.86 -0.47 -0.22
KT[B3LYP/6-31G(d)] ~12.03 ~7.00 -3.75 ~1.72 -0.83 -0.43 -0.20
ABLYP/6-31G(d) —11.54 —6.46 ~3.87 —2.21
AB3LYP/3-21G -13.23 ~7.55 ~4.23 -2.32
AB3LYP/6-31G(d) —12.65 -7.27 —4.23 -2.33 -1.48 -1.08 -0.76
AB3LYP/6-31+G(d) ~12.20 ~7.18 ~4.18 —2.30

a See section Il for a description of methods and structures.

100

—o— KT[HF/6-31G*]
--O - AHF/6-31G*
—w— AHF/6-31+G*
—-- AMP2/6-31G*
—#— AB3LYP/6-31G*
—0-- AB3LYP/6-31+G*
—& - KT[B3LYP/6-31G*]
0.01 T T T T

0.1 4

Anion coupling for trans alkyt chains

(a)

100

Cation coupling for trans alkyt chains

(b)

10 4

—e— KT[HF/6-31G7]
O AHF/B-31G* . -
—¥— AHF/6-31+G* ™. ~
—- AMP2/6-31G* 8.

—8— ABSLYP/6-31G*
—0-- KT[B3LYP/6-31G"]

2 4 ] 8 10 12

No. of Carbons

01 T T T T T T T
18 2 4 6 8 10 i2 14 16 18

No. of Carbons

Figure 2. Computed couplings in anions and cations for trans alkyls (standard geometry) as a function of the number of carbons.

I1l. Results and Discussion

The couplings for anions and cations of the trans alkglS-H

the couplings in theAB3LYP calculations, especially at the
shorter distances, but the rate of falloff with distance remains

(CHp)n_o—CHy, n = 4—16, calculated from DFT and ab initio almost unchanged. For the shortest chain the inclusion of

molecular orbital theory are listed in Tables 1 and 2 and are

diffuse functions has the largest effe@ decrease of 35%

plotted as a function of in Figure 2. Computed values gf compared to less than 15% for the other chains. The larger
from eq 1 for successive paira éven) of the trans alkyls are effect in then = 4 chain may be due to the direct interaction.
given in Tables 3 and 4 for anions and cations, respectively. Inclusion of a diffuse function in the 6-3iG(d) basis set causes
A. Anions. The distance dependence of the couplings for the HF-based methods [KT(HFAHF, andAMP2] to produce
anions at long distances ¢ 10) is computed to be similag( erratic and unrealistic couplings in the anions. This problem
~ 0.7-1.0) by all the methods (see Table 4 and Figure 2). has been noted in previousHF and KT calculationd?35
Electron correlation does not contribute significantly to the Density functional theory does not have the same problem with
coupling in the anions. The inclusion of diffuse functions in continuum states, in part because it gives positive electron
the basis set [6-32G(d)] slightly decreases the magnitudes of affinities for the triplet trans alkyl diradicals when diffuse
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Figure 3. Comparison of computed couplings in cations for trans alkyls using the HF/3-21G optimized geometry of the ground state cation

the standard geometry.

TABLE 3: Values of g (A1) of Coupling in Anions of
H,C(CHy),—2CH, from Exponential Fits to the Couplings for

Successive Pairsr( Even) in Table 1

TABLE 4: Values of g (A1) of Coupling in Cations of
H,C(CH2)n—2CH; Trans Alkyl Chains from Exponential Fits
to the Couplings for Successive Pairsn(Even) in Table 2

n

n

method 4,6 6,8 810 10,12 12,14 14,16 method 4,6 6,8 8,10 10,12 12,14 14,16
KT[HF/6-31G(d)] -0.03 057 1.19 070 061 1.0 KT[6-31G(d)] 0.40 0.37 0.44 041 034 047
AHF/6-31G(d)] 0.20 0.71 0.78 0.79 0.80 AHF[6-31G(d)] 0.40 0.60 072 072 059 0.73
AMP2/6-31G(d) 0.25 0.81 0.96 AHF[6-31:+G(d)] 0.38 0.61 0.72
KT[SVWN/6-31G(d)] 0.36 0.61 0.86 0.72 0.70 AMP2/6-31G(d) 0.26 0.32 052 053 049 0.62
KT[BLYP/6-31G(d)] ~ 0.36 0.61 0.86 0.72 0.70 KT[SVWN/6-31G(d)] 0.42 052 0.68 0.62 0.54 0.66
KT[B-null/6-31G(d)] ~ 0.32 0.63 0.94 0.78 0.69 0.77  KT[BLYP/6-31G(d)] 0.43 0.52 0.66 0.88 0.55 0.62
KT[B3LYP/6-31G(d)] 0.30 0.48 0.62 058 052 0.61  KT[B-nul/6-31G(d)] 041 049 0.60 055 0.73 0.1
ABLYP/6-31G(d) 0.34 066 1.12 KT[B3LYP/6-31G(d)] 0.43 048 0.62 0.58 052 0.61
AB3LYP/3-21G 0.34 065 1.12 ABLYP/6-31G(d) 0.46 041 0.45
AB3LYP/6-31G(d) 0.31 0.64 1.00 077 0.71 AB3LYP/3-21G 0.45 0.46 0.48
AB3LYP/6-31+-G(d)  0.16 0.59 0.99 AB3LYP/6-31G(d)  0.44 0.44 048 036 025 0.26

functions are included in the basis sdh contrast, Hartree

Fock level calculations give strongly negative electron affinities

(~—2 eV) for the trans alkyls as shown in Table Bxamination
of the wave functions suggests that the failure of the HF method give 5 ~ 0.45 for 10 or fewer carbon atoms afid~ 0.25-
is due to continuum states, which mix strongly into the donor/ 0.35 for 10 or more carbon atoms. The slower falloff for some
acceptor energy levels. The DFT wave functions have much density functional methods at long distances has also been notec
by Kim et al*?in their study of dienes. At long distances0

B. Cations. In contrast to the anions, the distance dependence carbon atoms) the magnitudes of thB1P2 couplings are 23
of the couplings in the cations varies with the method used. times the magnitudes of thAHF couplings, although the

less of this mixing.

The KT (HF) results give surprisingly slow falloff$, ~ 0.4,

study3? The AHF couplings § ~ 0.6-0.7),AMP2 (3 ~ 0.5—

AB3LYP/6-31+G(d)

0.42 0.43 047

0.6), and KT (DFT) g ~ 0.6) all fall off more rapidly, but still

less so than computed values for anions or most of the

experiments. TheADFT (AB3LYP and ABLYP) couplings

distance dependence is similar. The effect of correlation is thus
with distance for the coupling in cations, as noted in our previous larger than the 1825% effect found by Newtdf for shorter
chains. The discrepancy between P2 andADFT results
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Figure 4. HOMO, HOMO-1, and HOMO-2 energy levels for trans alkyls from B3LYP/6-31G(d) and HF/6-31G(d) calculations on the neutr:
triplet and the cation.

for couplings in the cations needs to be resolved by CCSD(T) ¥ABLEA?I<: I%ompahrisgﬂ of EDI_ectdr_on lAfffinitiealgin e(\j/)BOSfLYP
or QCISD(T) methods, but at the present time this is feasible | 12nS Alkyl Straight-Chain Diradicals from HF an
. . L . Methods?
only on the shorter chains which do exhibit the discrepancy.
We investigated the effect of using other geometries by HF B3LYP

carrying out HF/3-21G geometry optimization of the ground n 6-31G* 6-3HG* 6-31G* 6-3L+G*

state cations. The effect of using the cation geometries for the 4 —3.40 211 —0.90 0.06
calculation of the couplings as opposed to the standard 6 —3.64 -2.12 —-0.76 0.17
geometries is shown in Figure 3. Some of the couplings change, 8 =3.79 —2.10 —0.69 0.22
especially at the short distances, but at the long distances there 10 —3.84 —2.08 —0.64 0.25

is little difference in the3 values. a Calculated from difference in energy of the neutral triplet and the

The summary of results in Table 6 does not provide evidence ground state of the anion at the same standard geometry.
for a relationship between the distance dependence and inclusior]l_ABLE 6: Summary of Electron Correlation and Electronic
of e|ther electrc_)nlc relaxation or correlation effe_cts. We al_so Relaxation Effects on Couplings in Cations of
examined the distance dependence of DFT couplings for cationsy,c(CH,),_,CH, Trans Alkyl Chains

using only the exchange functional. Results from KT calcula-

tions based on the Becke exchange functi§A&T (B-null/6- method correlation relaxation distance dependence
31G*), are given in Tables 2, 4, and 6. Comparison of the KT[HF/6-31G(d)] no no  weakf{~ 0.4)
KT(B-null/6-31G*) and KT(BLYP/6-31G*) results indicates that ~ AHF/6-31G(d)] no yes  intermediatg ¢ 0.7)

. . . L AMP2/6-31G(d) yes yes intermediafe € 0.6)
inclusion of correlation does not significantly change the KT[B-null/6-31G(d)] no no intermediated(~ 0.7)
distance dependence of the couplings. Similar results are alsoK T[BLYP/6-31G(d)] yes no intermediatg (~ 0.6)
obtained for coupling in the anions when only the exchange ABLYP/6-31G(d) yes yes wealg(~ 0.3)

functional is used (see Tables 1 and 3).

An examination of the energy levels computed by the energy differenceB, between the donor/acceptor orbital and
different methods indicates that the small valueg3 dbr the the highest occupied orbital of the spacer is plotted as a function
cation couplings from the\DFT and KT methods are at least of chain length in Figure 4 for the cation and neutral triplet
partially due to a smaller energy differend®, between the used in the ab initio and DFT calculations. From the KT[HF/
donor/acceptor levels and the energies of the filled orbitals of 6-31G(d)] neutral triplet resultd8 decreases by more than a
the spacer. On the basis of a superexchange picture offactor of 2, becoming about 50 mhartrees (1.4 eV) at the longest
coupling?®%5 or Larsson’s partitioning methdd, one would chain length. Both the smaB and its decrease with length
expect that smaller values & will result in larger couplings will contribute to the softening gf. In contrast AHF/6-31G-
and a more gradual decrease with distance (sfgll The (d) computes a largds (160 mhartrees), which does not depend
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Figure 5. HOMO, HOMO-1, and HOMO-2 energy levels for trans alkyls with £NH,, SiH,, and PH terminal, donor-acceptor groups from
HF/6-31G(d) calculations on the neutral triplet.

strongly on chain length. The methods that give very small levels and the donor/acceptor levels whereas for the Sitd
values off have small values d (HF/6-31G(d) neutral triplet PH, terminated chains the gap is much larger (2680
and B3LYP/6-31G(d) cation) whereas the method with the mhartrees). Also shown in the figure are the couplings in the
largest value oB (HF/6-31G(d) cation) has the larggst cation as a function of chain length. The results indicate that
We have tested the idea that the energy differeBce  chains with the large gap (Sitnd PH terminal groups) have
influences the falloff rate by changing the terminal donor/ S values of around 0.8, while the chains with the small gap
acceptor groups of the HF/6-31G(d) neutral triplet to increase (CH, and NH, terminal groups) havg values of around 0.4.
the energy differenc®. In Figure 5, the HOMO, HOMO-1, This is consistent with the hypothesis that a small value of the
and HOMO-2 energy levels are plotted for the chain alkyls with energy differenc is responsible for a surprisingly slow dropoff
CHa, NH,, SiH,, and PH donor/acceptor groups as a function (small 8 values) for the KT and\DFT cation couplings, and
of chain length. The CH and NH-terminated chains have a  leaves open the possibility that there is no special mechanism
small energy difference (80 mhartrees) between the occupiedof coupling peculiar to cations, but that long-range coupling
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(small 8) can occur whenever donor/acceptor levels are close from AHF, AMP2, and KT (DFT) have a stronger distance
to spacer levels (smalfl). If so, then very long-range ET (very  dependencel(~ 0.6—-1.0). Most experimental results support
small 5) might be expected for either anions or cationB is these larger values. Small energy differences between donor/
small. This observation is consistent with an earlier study by acceptor levels and the filled spacer levels appear to be the caus
Shepard, Paddon-Row, and Jordamho found couplings in of the weak distance dependence from KT (HF) axidFT
cations to be governed by the energy of the donor/acceptorcalculations. It occurs with CHand NH donor/acceptor
groups in a study of a series of trans alkyls having OH, SH, groups, but not with Sitland PH donor/acceptor groups, which
CHa, vinyl, and ethynyl terminal groups. have energies farther from the spacer levels.

Although not explicitly shown in this paper, it seems plausible 3. From the above it seems likely that shallow distance
that such smajb’s can occur for anions with tunneling energies dependence (smah) is not an inherent property of cations or
close to theo* states of the spacer and thatwill not vary of coupling via the filledo orbitals. Instead, it arises because
greatly from 1.0 at any energy except near the spacer statesthe energies of some donor/acceptor groups are close to the
Such behavior was predicted in Huckel-like calculations by highest orbitals of the spacers.

Beratart”58 In most real chemical systems, smBlwill not, 4. Inclusion of diffuse functions in basis sets in DFT
however, be readily attained. calculations on the trans alkyl anions does not lead to erratic

The basis set dependence of the DFT cation couplings wasand unrealistic couplings as is found for couplings calculated
investigated at thB3LYP level of theory. The inclusion of  from Hartree-Fock-based methods. TReDFT results indicate
diffuse functions has little effect<(5%) on couplings in the  that inclusion of diffuse functions decreases the couplings by
cation from theAB3LYP calculations, and the smaller 3-21G 5—10% except for short distances, where it is up to 35%, but
basis set gives couplings that are similar to those computed withhas little effect on the distance dependence.
large basis sets. This insensitivity of the couplings for through-
bond couplings is similar to what we found in previous ab inito ~ Acknowledgment. This work was supported by the U.S.
calculations. The couplings from the hybrid DFT method, Department of Energy, Office of Basic Energy Sciences,
AB3LYP, are slightly larger than those from the pure DFT Division of Chemical Sciences, under Contract W-31-109-ENG-
method ABLYP) but have similar values g8 (see Table 3).  38.
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