J. Phys. Chem. A998,102,5681-5692 5681
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A general procedure is described for the computation of-spihit coupling of triplet states of organic biradicals

with their singlet states and of the zero-field splitting parameters of the triplets, including the full one- and
two-electron terms of the BreitPauli Hamiltonian and using a new ab initio computer program suite. -Spin

orbit coupling matrix elements are obtained for each triplet sublevel separately and are analyzed in an intuitively
appealing fashion in terms of vectorial contributions from individual atoms and individual natural hybrid
orbital pairs. CASSCF(6,6) results fog-ST; spin—orbit coupling in CH converge rapidly with increasing

basis set size, and a polarized doublbasis set appears adequate. However, convergence with respect to
the extent of electron correlation has not yet been reached at the CASSCF(6,6) level, whose results appear
to be only semiquantitative. The experimenfdland E' values for CH are reproduced within 5% at the
CISD/aug-cc-pVTZ level, but the results obtained with less adequate electron correlation procedures and/or
with smaller basis sets are only qualitatively correct. Results for-smibit coupling in CH and SiH as a
function of the valence angle agree with expectations based on the algebraic 2-electrons-in-2-orbitals model
of part 1. The T parameter®' andE' in CH, andE' in SiH, are dominated by spinspin dipolar coupling,
whereadD' in SiH; is predicted to be dominated by spiorbit coupling.

Introduction spin density and substituent effect propagation, linear and

Spin—orbit coupling is believed to be the main perturbation nogllnear optl;:eilhprqp(ter_Uets, e_tc;. | f spigpin diool
responsible for intersystem crossing (ISC) in short-chain triplet . ecause of the intricate interpiay ob Spispin dipolar
biradicals and therefore to be of key importance in numerous interaction with spir-orbit coupling in triplet states of organic

organic photochemical reactions. Although an early qualitative molecules, we considered it desirable to include the calculation
analysié and numerous calculatiohef spin—orbit coupling in of zero-field splitting parameters. These quantities have been

organic biradicals have been published, it seemed to us that thefound useful for the characterization of organic biradicals, but

qualitative structural understanding of spiorbit coupling in their accurate computation is not. easy. )
these species was far from satisfactory. Particularly obscure '_I'he results are now r_ep(_)rted In series of_papers. The first
were the exact nature of the role played by the delocalization ?‘“'C!el p_resen_ted a qualitative analysis of _spmbn (_:ouphng
of the singly occupied orbitals (A and B) into the saturated " biradicals in terms of a 2-electrons-in-2-orbitals model
skeleton, its relation to the heavy atom effect, and the interfer- amenable to algebraic solution and suggested an approach to

ence of terms provided by the individual atoms. For instance, the d_eco_mpo_sm(_)r_] of computational reSU|tS. for Sﬂ‘_’“b't.
our finding’ that in the minimum basis set approximation the coupling into intuitively understandable vectorial contributions

two-center through-space and one-center through-bond '[ermsfrorn atoms_anq from hybrid orpltal pairs. Next, for a group of
in twisted ethylene are of opposite signs suggested thatprototype biradicals, we examine thq structural and pqnforma-
qualitative understanding of structural effects on the rate of tional dependence of spirorbit coupling, test the validity of

intersystem crossing in twisted olefins will be difficult to reach. the simple model, an_d attempt to define the level of basis set
In a series of calculations, we found that sparbit coupling and electron correlation treatment that are necessary to obtain

in a variety of organic biradicals can be conceptually reduced reliable _results.
to spin-orbit coupling in 1,1- and 1,2-biradicals through the _ FOr this purpose, we assembled a new computer program that

use of standard resonance structure arguments familiar to organic,pertr)n'.ts us ltacl) analyk/lze gl'e :esults lI)n qpahta'uve tzrms. In addlthn
chemists, since the principal contributors are one-center terms!C De€INg able to handie larger basis sets and more extensive
mediated by through-bond coupling, together with a few of the configuration interaction than was possible in much of the earlier
two-center terms. Because of the critical role of through-bond wlorkdon Iar_Iqet:I b!rad|caI§,the pfogf_am differs from those
coupling, increased understanding of spatbit coupling in already available in two main points:

biradicals will not only provide answers to problems in triplet (i) The' three §ub|evel§ ofil(Tx, Ty, and ) for which the
photochemistry but also likely provide a useful and sensitive spin—orbit coupling matrix elements are calculated are chosen

probe of o electron structure in general. This structure is 25 the eigenstates of the spspin dipolar coupling operator,

important in many contexts, such as energy and charge transferP€/Mitting a comparison of separate ISC rates for each real
triplet sublevel. This takes advantage of the usual dominance

t Czech Academy of Sciences. of the spir-spin dipolar interaction in determining the zero-
* University of Colorado. field splitting in triplet states of organic molecules. The
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procedure is essential in the general case, particularly if the was attributed to increasing spispin dipolar interaction. Good
initial triplet generation occurs by intersystem crossing from agreement with experiment was found: the computed values
the singlet manifold. It is unnecessary only if relaxation among were |[D'| = 0.807 cnt! and |E'| = 0.049 cnt?, while the

the three levels is fast relative to the triplet lifetime, and only experimental values deducd@drom an analysis of a large
the overall intersystem crossing rate is of interest. Singe T number of studies a®'| = 0.79+ 0.02 cnt'and|E'| = 0.05

Ty, and T, diagonalize the spiaspin dipolar Hamiltonian in + 0.02 cnTl. Recently, more accurate values were obtained
the absence of an external magnetic field, they provide natural from laser magnetic resonance measurements on CHID

molecular axes, y, andz. In small-molecule calculations, the = 0.7567 cn!, and |E'| = 0.0461 cm?, and for these, the
simultaneous consideration of the spspin dipolar and spir agreement is a little less impressive.
orbit coupling operators has become standabdt in spin- No calculations of zero-field splitting parameters seem to have

orbit calculations on larger molecules of low symmetry, been performed for triplet Siiand no direct observations are
molecular axes have usually been chosen arbitrarily and only available.

the root-mean-square value, SOC, was computed. When all

three values were reportédhey had no individual physical  Calculational Procedures

significance.
g Previously Available Programs. Most of the readily avail-

I(")b T(.) fac'cl;t?t?ha d||re(it tgomparlsoan|th (;gsultslvcl)é tk?e' able ab initio codes for general polyatomic molecules
algebraic model, the calculations are performed in an aS'S(GAMESS?l MELD,?2 GAUSSIAN23 CADPAC?* etc.) are

tt;]atwl,nc%r_;t)olrates dtfkl)e trk??t?t Iocahzledtform OJ tt::e ttWO IO p(ten- able to calculate one-electron spiarbit matrix elements, as
S et 'bort'l as’ﬁgot OEI' H;%gé'ue_elggg;%n d‘:?_ \évgfsfmc TON are some semiempirical prograd¥s?’ In contrast, only a few
contributions o 0 [TdH=4 yIH>H1SoLjandT [ H™ ab initio programs have the two-electron part of the smirbit

are analyzed in terms of increments provided by individual : : .
. - . coupling operator incorporated, and we next list those that we
atoms and by pairs of natural hybrid orbitals (NHOm) those are aware of. As far as we know, LangH8fand King with

atomsf.’% The NHO aEaIysiE Is more geﬂeral :]hgn zn earl_igr Furlani (SOCC programj wrote the first CI codes for calcula-
attempt to separate through-space and through-bond contribu- ;o o polyatomic biradicals that included both parts of the

tions to spin-orbit coupling by comparison of the results for spin—orbit coupling Hamiltonian. Yarkony et &ideveloped a
the actual biradical with those for a methyl radical pair, since large-scale CI code for both spirbit and spir-spin dipolar
in some conformations the methyl groups interpenetrate severelycoup”ng, Handy, Palmieri, and collaborafradded spir-orbit
and the two radical centers are not really independent. Also, coupling code to the SCF level of the CADPAQrogram
t_he findind that the throu_gh-space and throu_gh-bon_d contribu- Agren et af°3Lprogrammed spirorbit coupling for respons:e
tions are roughly proportional to each other in the trimethylene ¢, tion theory, and Peyerimhoff et #lincorporated spin
biradical, which led its authors to propose a simple semi- . coupling code into the MRD-CI program
empirical formula for spir-orbit coupling in biradicals, need The New Program. A new ab initio program. suite (SOSS)
not be valid generally._ We found Welnho_ld $ naural bonc_i has been written for the calculation of spiarbit and spin-
orblta_lls very usefl_JI prgwously forunde_rstandlng long-range spin spin coupling matrix elements by modifying the GAMESS
density propagation innfstaff-3-yl radicalst® In the present program of Gordon. The spirorbit part was added from the
context, the analysis permits a clear distinction ofthrough-spacesoccgg program of Furlani and King, the spirspin part
and l;hrough-rl?on.d contributions to the overall spimbit originated in the MEL? program of Davidson and Feller, and
coupling mechanism. o the natural bond orbital part was adapted from the RBO
In the present paper, the testing is performed on a 1,1- program of Weinhold. The version of the SOCC program that
biradical, CH, and the results are compared with those for,SiH  \ye obtained was first modified by Jacobs and Cald#elve
There has not been much previous computational work or-spin - modified it further and included a decomposition into contribu-
orbit coupling in these moleculés. McKellar et al* calculated  tions from pairs of Weinhold® natural hybrid orbitald:3536
spin—orbit coupling matrix elements between the lowest triplet The Furlani-King SOCC program has also been modified by
(°B1) and lowest singlet'f\;) electronic states of CHusing Zimmerman, Kutateladze, and collaborat®?s$? who inde-
the full Breit—Pauli Operator for three different valence angles. penden“y of us deve|oped the Concept of ana|ysis Of-spin
The best values were obtained with the [7s4p2d/3s2p] basis sefrbit coupling results in terms of pairs of natural hybrid orbitals.
and CISD wave function with perturbation-based selection of  The sequence of steps in our calculations is as follows: (i)
doubly excited configurations (9013.068 cni®; 112°, 13.182 MCSCF (usually CASSCF) or ROHF-CI wave functions are
cm™h 135.F, 11.840 cm?). These values were used to qptained for the singlet and triplet states of interest in terms of
calculate rovibronic matrix elements of the spiorhit coupling ~ the most localized orbitals for the open shell of the triplet state;
operator for the interpretation of spectra of C#i** These SOC (i) the spin-spin dipolar coupling tensor is computed and
values, increased by a factor of 5.08 obtained from the ratio giagonalized for the triplet, providing a definition of the, Ty,
EsdSiH)/Cso(CH), were also used to analyze the experimental and T, triplet wave functions, the set of principal magnetic

data obtained for Sipf'4 molecular axes, and the spispin-only valuesD andE; (iii)
Prior computational results for the zero-field splitting pa- the spin-orbit coupling matrix elements for each of the three
rameters in triplet Chlwere first obtained at the “spirspin- triplet components with the singlet state are computed, including

only” level*>~17 (D, E) for a range of valence angles. Subse- both one- and two-electron terms, and can be used to estimate
quent results were obtain®dfor two valence angles with  the rates of intersystem crossing from each of the triplet
inclusion of corrections for spiorbit coupling D', E'), using components to the singlet, using Fermi’s golden rule; (iv) the
an unpolarized doubl&-quality basis set and ClI with singly  spin—orbit results are expressed as a sum over pairs of natural
and selected doubly excited configurations. The correction that hybrid orbitals and a sum over atomic contributions for purposes
convertsD to D' was found to be relatively unimportant, and of qualitative analysis and understanding; and (v) the mixing
the correction that converts to E' was entirely negligible. A of the S and T levels by the matrix elements of the smirbit
gradual increase of the value with an increasing valence angle operator between singlets and the lowest triplet is evaluated to
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So in molecular geometry would cause the correct label to switch
I — within the plot as the relative size of the zero-field splitting
T i parameters changes, causing considerable confusion, and we
1 then prefer to keep throughout the labels that are appropriate
x for most of the plot.
ZEL At times, the labels of the axes that are imposed by the EPR
y convention for the magnitudes and signsDfand E*° differ
D .
from those usually adopted in other types of spectroscopy (e.qg.,
when only one 2-fold symmetry axis is present, it is normally
z ) calledz). Their general adoption would force a change of state
So group symmetry symbols relative to the usual ones and would
Yo lead to likely confusion. We see no easy way to satisfy the
T 4 clashing conventions and adopt a procedure that calls for the
1 A use of the usual axis labeling system except when explicitly
LA discussing EPFD andE terms.
(i) The SOCC program uses the corresponding orbital
D l/pr D<0 proceduré® to calculate thé3W|HSO "W matrix elements using
24 y E>0 the spin-orbit term in the Breit-Pauli Hamiltoniar??
] ) * ST ‘ T ) ) N eh Z, (ry x p)
Figure 1. Relation of “spin-spin-only” (D, E) and “spin—spin plus ASC = z_ (rm X pi).s — z —'(3 + 2%)
spin—orbit” (D', E') values of zero-field splitting parameters to energies omécd G, 3 = r3
of triplet sublevels. & T1 mixing only, $ assumed above; Th energy. o I
The EPR axis labeling conventitfris used. )
obtain the final state energies, the final (observable) zero-field whereri, = r; — rq.
splitting parameter®' and E' for the triplet, and the final The formula tape generator of the SOCC program (FORM-
directions of molecular magnetic axes. _ FAC program) is not equivalent to the GUGA formalism used
The five steps are next described in more detail: in the GAMESS program, and therefore the CI wave function

(i) The GAMESS program is used to generate wave functions has to be converted. The GAMESS CI wave function can be
of the singlet and triplet to be used for the evaluation of the transformed into the FORMFEAC form

spin—spin and spir-orbit matrix elements. When the present
calculations were performed, the memory available on our
computers limited the CASSCF procedure to 6 electrons in 6
orbitals at most; now, 8 electrons in 8 orbitals can be treated.
The BKKM?38 orbital localization is used to rotate the two singly
occupied orbitals of the triplet open shell to produce the most
localized pair. This guarantees maximum compatibility with
the algebraic model of part 1.The MOs generated, either
ROHF or MCSCEF, are converted into the MELD format. In
general, these MOs are different for the singlet and the triplet
state.

(i) The spin—spin dipolar coupling tensor elements are
computed using the appropriate term in the Br&auli Hamil-

G c N
F_ G (G T F KA G AFK
tonian (without the Fermi contact interaction terff): Q= ZQI zcn ZQm A AR D (4)
n m

2 r.%(ss) — 3(r;s)(r: _ . . .
_ et i (5°9) r$)(°9) 1) The first summation runs over CSFs with equal occupation
e [.5 numbers of the molecular orbitals. The integiAh®!|Ay™KO
I is equal to unity if both determinants are identical and otherwise

whererj = rj — ;. vanishes. o _ ) _
The MELD program evaluates the five independent elements ~ Most ab initio programs, including GAMESS, generate high-

of the symmetric, traceless, 33 spin-spin dipolar interaction ~ SPin wave functions for multiplicity higher than zero; in the

matrix in five independent rurf§. Diagonalization of the  case of triplet CI wave functions, this s = 1. For the

resulting matrix provides the “spirspin-only” approximation ~ €valuation of thecandy components of the spirorbit coupling

to the orientation of the principal magnetic molecular axes, as Matrix elements the triplet wave function fds = 0 is re-

1Q°0= ZQKFDE?KWQFD 3)

where Qle (QE) is the GAMESS (FORMFAC) configuration
state function (CSF). The final formula for FORMFAC
expansion coefficien® " of the CI wave function in terms of
CSFs WF=3, QF Q/F) requires only the knowledge of the
determinants 4m, Apn) forming the CSFsI( K) and their
expansion coefficients in the CSF§!, C,FK):

HSS

well as to theD and E zero-field splitting parametersD = quired. This is constructed by application of the spin-down
—(3/2)Z andE = —(1/2)(X — Y), whereX, Y,andZ are the ~ operatorS- = S, — iS, [S= }¥(i)], followed by the projection
eigenvalues associated with the magnetic axey, and z, of the resulting wave function into the space of the FORMFAC
respectively. In the convention usédFigure 1), the labels of CSFs.

the axes are chosen so as to méRé¢ > |3E| and DE < O. (iv) Weinhold’s NBG® program has been added to GAMESS.
Then, T, is the lowest and Jthe highest in energy iD > 0, To analyze the origin of the spirorbit coupling constant, the

and the level order is the oppositeDf < 0. These principal one- and two-electron contributions are transformed into Wein-
axes are used in all subsequent steps dealing with the zero-hold’s (atom, hybrid, or bond, orthogonal or preorthogonal)
field splitting parameters of the triplet. In some plots, variation natural orbitals.
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The one-electron spinorbit matrix elementsH;5° are
transformed to one of the Weinhold bases according to

HI = Zh‘l’w 2 ool (5)

where the quantities with a superscript W are calculated in the
basis of Weinhold orbitals,,"" is an element of the one-particle
transition density matriz®: “Landl," are the one-electron spin
orbit integrals. The dependence of these quantitieMeior
X, Y, 2) is made implicit for simplicity. If we express the MOs
in terms of AOs ag; = ) Gy, and Weinhold orbitals in terms
of AOs ast, = Y Uy the values ofT,;" andl,;V can be
readily obtained from the AO transition density matrix and
integrals by the following transformations:
w_ (u—l)T.TAO.(u—l)’ (W=t 120 (6)

The sumhY) = h® + h® s then the contribution from the
Weinhold orbital pairp,c (p = o) to the one-electron part of
spin—orbit coupling. Because the one-electron srximbit
Hamiltonian is a sum of contributions from nucIeHI,
SoH (), we further collect the orbrtal contributions into
atomic contributiondit)(a): A% = 5.h)(a).

The two-electron contrlbutlons are transformed into the
Weinhold basis in a similar way,

>

1,0

h(2)W

W W
hevpo Too |

SO _
H2 - uvpo ' uvpo

@)

2

WP

The two-particle transition density matrix is calculated using
the expansion coefficients of the molecular orbitals in terms of
the Weinhold orbitalst = C-(u=%). The two-electron, four-
center integral transformation is a task similar to the MO
transformation in Cl progranf€,and a similar procedure was
applied. The only difference is the symmetry of the two-electron
spin—orbit integrals, which are antisymmetric with respect to
exchange of orbitals occupied by electron 1 and symmetric with

respect to the exchange of orbitals occupied by electron 2. The

program performs the integral transformation and transition
density matrix reevaluation for each of the desired Weinhold
orbital sets and prints two quantities: first, the four index
contributionhy,,,., which is the sum of all elements with indices
u, v, p, o in any order and is useful for analysis of the total
screening effect of the core orbitals; second, the orbital pair
contributionhff,):

ﬁg:) = 1/62 (ﬁpo,uv + ﬁpmw + ﬁp,uva + ﬁﬂp(ﬁ/ + hupvo + h,twpo)
(0= 0) (8)

where the elemenlE',wpg are nonzeroonly it = v = p = 0.
The weight factor'/g corrects for the fact that each element
Puvoo contrrbutes to six different orbital pairs. Finally, the value
hoo = hl) + h > (p = 0) is computed. In the determination
of total atomic contributionsh(a), we divide h?) equally
between atoms that carry orbitatsand p: h(a) = h®(a) +
Za(a)h(,plz, where the sum runs only over those orbitalthat
are carried by aton.

The simplification of the two-electron part to only two orbital

Havlas et al.

and the screening effect is dictated by the nature of the atom
on which the hybrid pair is located.

(v) The mixing of the triplet and singlet levels of a biradical
by the spin-dependent terms in the Hamiltonian is treated
approximately. Only the elements of the sporbit coupling
operator between the three levels of the lowest triplet and at
least the lowest three singlets are considered, while its elements
between the lowest and higher triplets and elements between
triplets and quintets are ignored. This approximation is obvi-
ously exact for the 2-in-2 description of biradicals, used in the
model of part £ We also ignore all elements of the spin
spin dipolar coupling operator that connect different states. It
is hoped that these neglects are acceptable when the properties
of the lowest triplet are to be described, even though we realize
that in at least one case (predissociation of #Hiyst-order
spin—spin dipole induced singletquintet state mixing is known
to dominate over second-order spiorbit induced mixing of
the same states.

The approximate Hamiltonian matrix is diagonalized to yield
the spir-orbit corrected energies of the three sublevels of the
lowest triplet, X', Y', andZ', from which the corrected zero-
field splitting parameter®’ andE' are calculated in the usual
manner (Figure 1) for comparison with experiment. In the rare
event that the differencelf the average energy of the three
triplet sublevels and the singlet energy would be comparable
to the spir-orbit coupling matrix elements (s the “exchange
integral”), a four-level instead of the usual three-level problem
would result, and th®' andE' parameters could then not be
determined from experiment. It would be necessary to fit the
measured EPR spectra not only with the paramediessnd E
but also withJ and the spir-orbit coupling matrix elements.
This situation is characterized by a divergence ofhandE'
values computed from the usual formulas (Figure 1) at points
of first-order singlet-triplet degeneracy.

The present program computes spgpin and spir-orbit
interaction as a function of nuclear geometry but does not
average them over vibrational wave functions.

Application to Carbene and Silylene. All computations
were performed at geometries optimized for the state of primary
interest, the lowest triplet. The bond lengths of Cithd SiH
were optimized for a series of valence angéesrom 60° to
18C°, using B3LYP/cc-pVTZ and assumin@y, (or Dep)
symmetry. The minima occurred d¢y = 1.0774 A apch =
135.0 anddsiy = 1.4872 A apsin = 118.6. These results
compare well with the experimental valt&for triplet CH, (dcn
= 1.0766 A,onch = 134.0) and the results of large basis set
CEPA calculatior®® for triplet SiH (dsiy = 1.4793 A, ansin
= 118.4), respectively. The location of the magnetic axes is
dictated by symmetry, and the calculations showed that the
conventior® described above requires thate the out-of-plane
axis, thaty be the 2-fold symmetry axis, and thalie parallel
to the H-H line. This differs from the usual axis labeling in
these molecules in that theandz axes are interchanged.

Calculations of spirrspin dipolar coupling and spirorbit
coupling for CH were performed at the CASSCF(6,6) level
for a variety of basis sets, starting with the minimum STO-3G
basis up to the correlation-consistent trigledasis set (cc-
pVTZ). The spin-spin dipole interaction elements were also

subscripts is possible because in all nonnegligible contributions calculated for several basis sets with ROHF, CIS, CASSCF(6,6),

two of the four orbitals are always twice an inner core orbital
on a single atom. These contributions thus describe the
interaction of hybrid pairs screened by inner electrons. The

core orbitals are quite independent of the chemical environment,

CISD, and CISDTQ wave functions. The size of the CI
expansion ranged from 1 (ROHF) to 461 916. Less extensive
calculations were performed for SiHNatural orbital analysis
was based on triplet MOs.
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: : wami : " . T~ Figure 3. Triplet carbene “spirspin-only” zero-field splitting pa-
Figure 2. Triplet carbene “spirspin-only” zero-field splitting pa- ) -

: rametersD (solid symbols) ancE (open symbols) calculated using
rametersD (solid symbols) andE (open symbols) calculated at the § different wave functions and basis scll, G-31G* ®, DI5*: 4.

CASSCF(6,6) (circles) and CISD (squares) levels at triplet-optimize CC-PVDZ; ¢, Co-pVTZ: ¥, aug-co-pVTZ) at triplet-optimized geometry.

%ﬁg?ﬁg' a?(;asslta?))gljiﬁ;n;(e;mzn\;%!ﬁzsuséz represented by dotted IIneS'CISD wave function was derived from all orbitals (c), all orbitals except

frozen core orbital on carbon (b), or all orbitals except frozen core and
. virtual orbitals on carbon (a). Best experimental values are represented
The calculations used IBM RS6000/590 and SGI Power by dotted lines. The EPR axis labeling conventfds used.

Challenge and Octane computers.
affects the results. The slight increase in the computed value
Results of D upon going from CISD to CISDTQ suggests that even
larger basis sets may well be needed to obtain exact agreement

Effects of Basis Set Size and of Electron Correlation  with experiment at the latter level compared with the former, if
Treatment. Our first task was to determine which level of the trend apparent in Figure 2 continues.
calculation is necessary for our purposes, i.e., for qualitative  Since the spirrorbit correction tcE is computed to be entirely
interpretation of the course of photochemical reactions, and, if negligible, the calculated values can be compared directly to
possible, which level is necessary for achieving quantitative the observed value dE'| = 0.0461 cm?, and it is seen in
agreement with experiments. The testing was performed onFigure 2 that nearly all methods of calculation produce a
CH; and was based, first, on the convergence of the computedqualitatively satisfactory result betweer®.04 and—0.05 cnt.
values as the quality of the computational procedure was Quantitative agreement is however again not reached. Improve-
improved and second, on agreement with the obséhzato- ments in the basis set bring the calculatedalue closer to
field splitting parameter®’ andE'. As we shall see below,  zero, and convergence is most likely not yet reached at the
these are determined nearly exclusively by the “spin-spin-only” triple-¢ level. This trend is initially compensated by an
D andE values D' ~ D +0.023 cm', E' ~ E + 0.0001 cm?) improvement in electron correlation treatment. Even at the
and can be used to test the quality of the calculation of the CISD level, however, th& value is too close to zero, and Figure
spin—spin dipolar tensor.D andE values of carbene obtained 3 suggests that going to CISDTQ will bring it even closer. It is
for a series of basis sets using CASSCF(6,6) and CISD wavenot clear how the exact experimental value will be reached as
functions and the EPR axis labeling conventfare shown in - the calculation is improved further, and it is conceivable that
Figure 2. Except for the hopelessly inaccurate STO-3G basisvibrational averaging will be necessary. It is some consola-

set, they all produce values in the right range for HotAndE. tion to note that the 5% error in our best CISD/aug-cc-pVTZ

The former is positive and the latter negative, and the top part calculation forE represents only 0.002 cthand actually is 15

of Figure 1 applies. times smaller than the error in our best calculation@or
AlthoughD values between 0.8 and 0.9 chare qualitatively Figure 4, which uses the usual axis labels, shows the results

acceptable compared to the obseRfedlue of |D'| = 0.7567 of CASSCF(6,6) calculations of spitorbit coupling matrix
cm™1, only CISD with the larger among the basis sets yields elements involving the lowest;Briplet state and the first six
values below 0.8 cmt. Even the largest of the triple-basis singlet states (1A Bi, 2A4, Ay, By, 3A1). The doubles basis
sets cannot be claimed to provide a fully converged result, and seems to be the minimum requirement, but for quantitative
larger basis sets would probably produce somewhat snialler results triple€ or better basis sets are necessary. The inclusion
values. The CISD/aug-cc-pVTZ result for agrees with the of polarization functions on the carbon atom in the basis set
observed’ value within 1%, but when we remember the need has a noticeable effect on spinrbit matrix elements. Not

to correct the latter for the effects of spinrbit coupling, we surprisingly, the hydrogen polarization functions have virtually
see that the computddlvalue is still too high by approximately  no effect because the singly occupied orbitals of carbene, which
0.036 cntl, i.e., about 5%. It thus appears that at the CISD are responsible for the main contribution to the spinbit
level the correct answer will most likely result with a quadruple- matrix elements, are strongly localized on the carbon atom. In
or pentuple? basis set. Judging by the results shown in Figure general, a fully polarized basis set might be necessary. The
3, which illustrate the dependence of the calculddednd E inclusion of diffuse functions changes the matrix elements only
values (with the EPR axis labeling conventfi®)ron the extent slightly.

of electron correlation, from one-determinantal (ROHF) and CIS  The situation is less favorable with regard to the treatment
to CASSCF(6,6) and CISDTQ wave functions, CISD represents of electron correlation. Figure 5 shows that the values of the
the minimum acceptable level of electron correlation treatment spin—orbit coupling matrix elements are probably not yet
if quantitative agreement with experiment is desired. Fortu- converged at the CASSCF(6,6) level and that a better treatment
nately, it appears that freezing the core or virtual orbitals hardly will most likely be necessary for quantitative agreement. One
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’ state and 6 lowest singlet states at triplet-optimized geometries as a

can hope, however, that qualitative trends will be reproduced Lusr:etglon of the valence angle. The usual axis labeling convention is

even with this procedure.
Effect of One versus Two Orbital Sets. Our program —— —— 0.00
calculates spirrorbit coupling matrix elements using either one 10k P2t
or two molecular orbital sets. In the former case the triplet el
CASSCEF orbitals are used to generate both the triplet and the 7 oa
singlet Cl wave functions. In the latter case triplet and singlet ~__ 09r E e

CASCSF optimized orbitals are used for the triplet and singlet "¢ . L
Cl wave functions, respectively, except that a common setof S | ) 1-0.10
core orbitals is used (usually the triplet orbitals). Triplsinglet Q i
matrix elements are calculated by the method of corre- i
sponding orbital4%47 formulated in such a way that the 07} ¥
maximally localized® nature of the triplet orbitals is preserved.
In the present article we report results obtained with two : . . . . ] 41-0.20
CASSCEF orbital sets, optimized for the lowest triplet and singlet 0'650 80 100 120 140 160 180
states. One orbital set calculations for £¢ive qualitatively o (deg)
s!mllar results for the matrix glements |nVOIV|ng the lowest Figure 8. Triplet carbene “spifrspin-only” zero-field splitting pa-
singlet states. Only the!8; singlet state, which strongly  ametersD (solid symbols) and (open symbols) calculated at triplet-
interacts with higher lyindA; states, gives very different re-  optimized geometries as a function of the valence aagiéethe CISD/
sults. For bending angles betweerf &@hd 180 the average D95** (solid line) and CASSCF(6,6)/D95** (dashed line) levels. The
(maximum) difference between these two kinds of calculations EPR axis labeling conventidhis used.
for 1A1, 2A4, Az, and B singlet states is 0.7 cm (1.9 cnmd).
The difference is largest for the smallest and largest bending usual axis labels). Matrix elements of the spapin (Figures
angles. 8 and 9, the EPR convention for axis labels) and spirbit
Effects of Bending Results of CASSCF(6,6)/D95** cal-  (Figures 10 and 11, the usual convention for axis labels)
culations of the energies of the lowest triplet and six lowest operators were calculated at these geometries at the same level
singlets of CH and SiH as a function of the valence angie of theory. The spirspin matrix elements were also calculated
at geometries optimized for the lowest triplet, are shown in inthe CISD/D95** approximation (Figures 8 and 9). The signs
Figures 6 and 7, respectively (with state labels based on theof the matrix elements oHSC are arbitrary in that they are
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Figure 13. Triplet silylene. “Spin-spin-only” D, E, CISD/D95**,
solid lines) and “spirspin plus spir-orbit” (D', E', spin—orbit
coupling with six lowest singlets with CASSCF(6,6)/D95**, dashed
lines) zero-field splitting parameters at triplet-optimized geometries as
a function of the valence angée The optimized value od is marked

by arrows. The EPR axis labeling conventibis used.

of the spin-orbit matrix element$§T|HSO|S[) whereu = X, v,

or z, andi = 0—5. The resultind®’ andE’ values (Figures 12
and 13, the EPR convention for axis labels) were computed in
the usual manner (Figure 1) from the eigenvaldes”, andZ'
obtained by diagonalization of the Hamiltonian matrix contain-
ing both types of elements, even at geometries at which the
singlet and triplet energies are very close. Therefore, they
exhibit a discontinuity at the crossing points, wh&eand E'

are not defined. As noted in the section on Calculational
Procedures, this is artificial in that it assumes a three-level
system even at the crossing point, and the singularity would
disappear upon proper treatment of what actually is a four-level
system in terms oD, E, J, and spir-orbit coupling matrix
elements.

Atomic and Natural Hybrid Orbital Pair Contributions.

dictated by the choice of wave function phase. We have chosenAtomic contributions from the hydrogen atoms to all spin

them so as to minimize crowding in the drawing.

Effects of Spin—Orbit Coupling on Zero-Field Splitting
Parameters. The interplay of terms in the determination of
the zero-field splitting parameters for the lowest tripletwias
examined using the D95** basis set, CISD wave functions in
the calculation of the diagonal spispin matrix elements,

Y, andZ, and CASSCF(6,6) wave functions in the calculation

orbit coupling matrix elements are negligible. Figure 14 shows
the decomposition of the only nonvanishing component of the
spin—orbit matrix element between the lowest triplet and the
lowest singlet state in CKIT,|HS9 SN the usual axis labeling

convention, into contributions from various natural hybrid pairs.
In these, one member of a pair contributes to one of the
nonbonding orbitals (A) and the other member contributes to
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Figure 14. Triplet carbene at optimized geometry. Contributions from <TyHSO |Sp> = 56.37

natural hybrid orbital pairs to the spirbit matrix elementT,|HSOISo[)- Figure 15. Triplet silylene at optimized geometry. See caption to
with the usual axis labeling convention. For each pair of hybrid orbitals Figure 14.

connected by an arrow, the one-electron part, the two-electron part, . . . . .
and, in bold, the total contribution of the pair to the value of the matrix Immaterial for our purposes since we are merely interested in

element, respectively, are listed from top to bottom. Sums of contribu- States that affect the lowest triplet significantly through spin
tions from all orbital pairs are listed underneath, in the same order. orbit coupling. (Figure 4 shows that the inclusion of diffuse

CASSCF(6,6)/D95**. functions in the basis has only a small effect on the -spirbit
matrix elements, even for the higher singlets.) The reason for
including the inaccurately calculated high-energy states in
Figures 6 and 7 at all is that at certain values of the valence
anglea they drop in energy and become valence in nature.
The general features of the potential energy curves for the
states of CH and SiH are very similar. (We use the usual
choice of axis labels.) The primary difference is in the relative
location of the lowest triplet®B;) and the lowest singlet {A ;)
curves. In CHthey cross at 95and the absolute minimum is
in the 3B, surface, whereas in SpHthey cross at 128and the

the other nonbonding orbital (B) of the biradical. Figure 15
shows analogous results for SiH

One- and Two-Electron Contributions to Spin—Orbit
Coupling Matrix Elements. As expected, the two-electron
contributions to the spinorbit matrix elements are opposed in
sign to the one-electron contributions. In glthey are roughly
half their size (51%) and, in Siziroughly one-fourth their size
(23%) for all geometries. These percentages apply not only to
the total size of these matrix elements but also separately to all

thg important contributions from each. hybri.d. orbital pair absolute minimum is in theld,; surface. (It does not appear
(Figures 14 and 15). Only the small and insignificant contribu- i, rjgyre 7 since there the bond lengths are optimized for the
tlons_ shovv_ more varlablht_y. _Such constancy in the total size triplet) The crossing is weakly avoided due to spombit
and in the important contributions supports Fhe.commo.n USag€coupling, at least for some of the triplet sublevels. Thus, it
of an effective one-electron operator for sporbit coupling, appears that carbene actually may formally have two ground-
but it is not obvious that this result is general. state isomers (i.e., two local minima in the lowest potential
energy surface separated by a very small potential energy barrier
and differing in multiplicity, as opposed to a single local
Electronic States. The trends in potential energy curves of minimum in the lowest potential energy surface and another
the lowest four states shown in Figure 6 (carbene) and Figure minimum in a low-lying electronically excited state of different
7 (silylene), obtained at geometries optimized for the lowest multiplicity; the distinction would disappear if one abandoned
triplet, agree with expectations based on measurementsthe Born-Oppenheimer approximation). The more stable
(carbené?48-52 silyleng’®51.5355 and with more accurate isomer is moderately bent and has a triglBt ground state.
calculations (carbeng;>6-%8 silylene14557.6672) performed The other lies 9.215 kcal/mol high#t,is strongly bent, and
separately at the optimized geometries of each individual state.has a singletA; ground state. (Its absolute minimum does not
The higher states are not rendered correctly since diffuse orbitalsappear in Figure 6 since there the bond lengths are optimized
are absent in the basis set used (triplet carbene is ionized affor the triplet.) Silylene probably has only one isomer, strongly
10.396 eVe and eight Rydberg states converging to it have been bent, with a’A; singlet ground state, since the region of most
identified?475singlet silylene is ionized at 9.15 &Y. This is favorable triplet geometries most likely corresponds only to a

Discussion
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shoulder and not a minimum in the lowest potential energy
surface. (The YA; curve cuts the®B; curve close to the
minimum in the latter, and spirorbit coupling is stronger.) A
more thorough examination by a higher level method in all three
dimensions of the nuclear configuration space of Sikbuld
be required to settle the number of formal Be@ppenheimer
isomers definitively. There is little doubt, however, that the
lifetime of isolated vibrationally cold triplet silylene will be
shorter than that of isolated vibrationally cold singlet carbene,
and the former has not been observed so far.

If two sufficiently bulky but otherwise inert substituents R
could be introduced to form SpRthe energies of all states would
be raised roughly equally on the left-hand side of Figure 7, and
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to the average of ;Jand T, and thus mak®' larger thanD.
When $ lies below T in energy, as is the case in silylene at
its equilibrium geometry, S spin—orbit coupling should
destabilize Trelative to the average ofBnd Ty and thus make

D' smaller thanD. These qualitative expectations are borne
out by the numerical results shown in Figures 12 and 13. At
geometries close to linear, the above argument does not hold,
since the T—S spin—orbit coupling element is small and
vanishes altogether at the linear geometry. At these valence
angles the T—S, spin—orbit coupling element is particularly
large and the T-S; energy gap is reduced. As a result, S
takes over the role played by &t smaller valence angles, and
the increase fror® to D' still occurs. (In silylene, the difference

a minimum would appear in the ground-state energy surface actually increases as the linear geometry is approached.)

near a bend angle of 130where triplet is the ground staf®.

It is seen in Figures 12 and 13 that at most geometries the

In such a case, a species with zero-field splitting parameterseffects of spir-orbit coupling on the zero-field splitting
approximately equal to those presently calculated would pre- parameters are minor in carbene and dominant in silylene. The

sumably be observable by Q-band EPR.
Spin—Orbit Coupling and Intersystem Crossing. This,

reasons for the difference are readily understood. In triplet
carbene, the “spiaspin-only” zero-field splitting of the three

too, is best discussed in the usual notation for molecular axes,triplet sublevels, described by tli2 and E values, is already

in which zis the 2-fold symmetry axis andis the out-of plane
axis. The lowest triplet T states of CH and Sik have B
spatial symmetry in th€,, group, and the total wave functions
of their three components transform as(&,), A1 (Ty), and B
(T2). In both molecules, at the geometry corresponding to the
triplet minimum, the symmetry of theoSS;, and S singlet
states is A, and these states spiorbit couple with the ¥
sublevel of . In both molecules, thestate has symmetry
Az and the gstate has symmetry.,Band they spir-orbit couple
with the Ty and T, sublevels of T, respectively. In both cases,
the S singlet state is of symmetry;Band does not spinorbit
couple with T; at all in the absence of vibrational perturbations.
Intersystem crossing from Tto & therefore selectively
depopulates theyBublevel of T, and intersystem crossing from
Sy to Ty selectively populates it. The magnitude of the spin
orbit coupling element changes only a little as a function of the
valence angle from 6o 130 or 14C, and is 4-5 times larger
for silylene than for carbene. Using the Fermi golden rule, this

unusually large since both unpaired electrons reside in relatively
small orbitals located at the same atom, and even a quite
significant shift in the energy of the,Bublevel due to spin

orbit coupling appears to be relatively minor. In silylene, the
D andE values are 34 times smaller since the silicon orbitals
holding the unpaired electrons are larger, and -spitbit
coupling matrix element is now45 times larger (heavy atom
effect). These differences are sufficient to make carbene“spin
spin dominated” and silylene “spirorbit dominated” at most
geometries. We shall therefore discuss the two molecules
separately.

Carbene. Our CISDTQ/cc-pVDZ “spir-spin-only” values
for carbene at its optimized triplet geometry @&e= 0.8043
cm tandE = —0.0428 cm?, and results obtained at the CISD
level are nearly identical (Figure 2). In agreement with the prior
work,!8 corrections for the effect of spirorbit coupling are
small: D' =D + 0.023 cm}, E' = E + 0.0001 cml. With
the exception of STO-3G, which does very poorly, even

would provide an inherent acceleration of intersystem crossing moderately sized basis sets thus seem to be quite satisfactory

in silylene by a factor of about 20 if the FraneCondon

for the evaluation of zero-field splitting, provided that extensive

weighted densities of states were the same. Even in carbeneglectron correlation is introduced in the spispin dipolar

the magnitude of the spirorbit coupling element, about 12
cm™1, is over an order of magnitude larger than in biradicals

interaction part of the calculation. The agreement Ebris
essentially exact, and the value @f is only 10% too high. It

that do not carry both radical centers on the same carbon atom,is somewhat disturbing, though, that there is no indication that

and both molecules are extraordinarily well set up for inter-
system crossing.

Spin—Orbit Coupling and Zero-Field Splitting. Of all
singlet states, &8s by far the closest in energy to the State,
and the spir-orbit mixing of these two states is the most
important both in CHand in Sibb. The triplet sublevel that is
expected to be shifted the most by sporbit coupling, T, in

improvement in either the basis set (Figure 2) or the description
of electron correlation (Figure 3) will bring about convergence
to the experimental value oD'. It would be somewhat
surprising if the neglect of vibrational averaging alone were
responsible for the remaining discrepancy.

The trends in the zero-field splitting parameters computed
as a function of the valence angleagree with those suggested

the usual notation, corresponds to the axis that is parallel to theby the earlier work’-18 Upon going from 180 to 6C°, the

H—H line, labeledzin the EPR convention. We therefore need

to label it T, when referring to Figure 1. The other two sublevels

are not expected to be shifted much by interaction with the
singlets § and S, whose spir-orbit coupling elements with

T, are somewhat smaller and which are much farther in energy.

Spin—orbit coupling should therefore have nearly no effect on
their separation, anet andE' should be nearly identical.
SinceD > 0, E < 0 holds for carbene and silylene, the top
part of Figure 1 applies, and in the EPR convention for axis
labels, T is the lowest of the three sublevels. WhenliEs
below S in energy, as is the case in carbene at its equilibrium
geometry, T—S, spin—orbit coupling should stabilize,Felative

“spin—spin-only” valueD is reduced by nearly one-third (Figure

8). The full value,D’, runs parallel taD and is only slightly
larger untilo. approaches the seam of first-order triplsinglet
crossing. Starting at 12r so,D’ begins to increase rapidly
and ultimately diverges when the crossing seam is reached at
95°. Ateven smaller anglef)' rises from very negative values
and joinsD quite closely once again as reaches a value of
about 80.

As noted above, very close to the crossing point (actually, a
two-dimensional crossing seam) the EPR spectrum would
involve transitions between four rather than three levels, and it
would not have the usual appearance, making the experimental
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value of D' undefined. However, even carbenes with valence be such that the atomic contributions add rather than cancel. In
angles somewhat further from the crossing region and with quite this simplest formulation, two-center contributions were ne-
ordinary EPR spectra should exhibit unusDalalues. Steri- glected, but their qualitative effect can be added easily if needed.
cally constrained but otherwise electronically unperturbed triplet  The application of these results to carbene and silylene is
carbenes with such small valence angles have not been observedraightforward. The orbitals A and B are the symmetry p
so far, but might be accessible in the future. A reliable orbital on C or Si that is directed alongand the asymmetry
prediction of their zero-field splitting parameters would require hyhrid orbital directed along the 2-fold symmetry axis The
a calculation over a range of values of all three geometrical resonance integral between them vanishes by symmetry, and
parameters that define structure at the carbene carbon ancdondition (i) can be fulfilled only when the valence angle is
averaging over vibrational wave functions. less than 180 since the two orbitals then differ in energy.
TheE andE' values calculated for triplet GHare essentially Indeed, the calculatedhST; spin—orbit coupling vector is large
identical to each other at all values of the valence angle. They at small valence angles, where theaabital has significant s
vanish at 180 by symmetry and grow steadily more negative character, and drops to zero as the valence angle approaches
aso decreases, to a value as large-&&2 cmt at 60. 180 and both orbitals become purely p and equivalent (Figures
Silylene. The results predicted for triplet SiHare quite 10 and 11). As expected, the calculatehBd $ singlet states
different. The “spin-spin-only” valuesD andE are smallerin ~ of carbene and silylene are predominantly mixtures 282
absolute value (Figure 9). Upon reducing the valence amgle and A — B? configurations, while in the Sstate the AB
from 180 to 14C, D is reduced from 0.23 to 0.17 cthand configuration dominates. The coefficients of A B2 and &

then rises slowly to 0.18 as is reduced to 60 TheE value — B2 depend on the valence angle in the way anticipated from
vanishes atr = 180° by symmetry and grows negative as the the simple model. In§the coefficient of & + B2 (0.43 at the
molecule is bent, to a value 6f0.07 cnt! ato. = 60°. triplet minimum of CH) decreases with the increasing bond
As in carbene, the spirorbit correction toE is totally angle anpl vanishes at the linear geometry, whereas;th@a® _
negligible. In contrast to carbene, however, spinbit effects has maximum coefficient (0.99) at the linear geometry, and it

dominate theD' value (Figure 13). The matrix element decreases with decreasing bond angle (0.87 at triplet minimum).
[T, |HS9 Syls so large that the effect of the first-order triplet ~ The other three singlet states have zero or negligible contribu-
singlet crossing at. = 128 permeates the whole range @f tions from the & + B A — B?, and AB configurations.
values. At largen values, where the lstate lies below & T, Condition (ii) is clearly fulfilled, since one of the orbitals A

is preferentially stabilized an@' is much larger thaiD, while and B is a p orbital on the C or an Si atom, and the other
at smallero. values, where Tlies below $, T, is preferentially contains a large contribution from another p orbital on the same
destabilized and’ is much smaller tha. As noted above, atom, particularly for large valence angles. The direction of
the even much larger value of tEEy|I:|SO|SZEbIement atnearly  the vectorial contribution from this atom is directed along the
linear geometries (Figure 11) causes an additional stabilizationy axis, in agreement with a simple symmetry analysis and with

of Ty and a further increase iD’, even though the 1S, calculations. The largeZ number of Si is responsible for the
separation remains relatively large. larger spir-orbit coupling vector in silylene (heavy atom effect).

For a reliable prediction of zero-field splitting parameters of Condition (iii) does not need to be considered, since the
silylenes containing bulky but noninteracting substituents that Molecules contain only one highatom.
have a large valence angle at equilibrium and a triplet ground The present results permit a more quantitative analysis of
state®® vibrational averaging would again be necessary. Clearly, the way in which condition (ii) is fulfilled, by decomposition
however, in an otherwise unperturbed silylene with a valence of the vectorial contribution from the C or Si atom into
angle in the vicinity of 120, D' values on the order of-13 contributions from pairs of orbitals used as a basis set for the
cm! can be expected, and observation of an EPR signal on andescription of the orbitals A and B. Although an atomic orbital
X-band spectrometer may well be impossible. In contrast, basis set could be used for this purpose, this is unwieldy and
excited triplet silylenes forced to adopt a valence angle of less uninformative when large basis sets are used. Analysis in terms
than 90 by a suitable structural constraint should have quite of Weinhold's' natural atomic, hybrid, or bond orbitals, both
small D’ values. preorthogonal (PNHO, PNBO, PNAO) and orthogonal (NHO,

Analysis of Results in Terms of a Simple Model. In Part NBO, NAO), minimizes the number of contributions and is

1! three conditions for the ¢S Ty spin—orbit coupling vector ~ intuitively appealing. The optimal selection depends on the
(LT ASOSo) [T, | HSO| Sl [T,|HSSy[) in an organic biradical ~ actual system, its symmetry, and bonding pattern. We find that

to be large were deduced from a simple algebraically soluble in orthogonal bases the number of important pair contributions
model based on thé¥AB), 1A% + B?), and {(A2 — B?) is usually smaller, but the members of these basis sets are

configurations built from the most localized orbitals A and B somewhat delocalized and more difficult to understand in simple
singly occupied in the triplet state. They are as follows: (i) chemicalterms. We find it most instructive to use preorthogonal
The orbitals A and B should interact covalently through a natural hybrid orbitals (Figures 14 and 15).

nonzero resonance integral and/or be sufficiently different in  For both molecules the important contributions to the &,
energy for one of them to have electron occupancy near two in spin—orbit coupling vector (98% or more) originate from pairs
S (the spir-orbit coupling vector is proportional to the of hybrid orbitals localized on the central atom. The largest
coefficient of the & + B2 configuration in §). (ii) The biradical contribution by far is due to the pair of hybrids representing
should contain one or more highatoms at which one p orbital  the radical centers in the simplest description of the molecules,
contributes strongly t& and another to B. (Each such atom one pure p orbital and the other ans hybrid. As expected
provides a vectorial contribution proportional to its atomic spin ~ from the simple model, the contribution increases with the
orbit coupling constant and directed along an axis perpendicularincreasing p character of the hybrid as the valence angle is
to those of the two p orbitals; its size and sense are dictated byopened wider, since this leads to better overlap with the other
the coefficients with which the two p orbitals enter A and B.) hybrid orbital rotated by 90abouty. However, simultaneously,
(iii) If several such atoms are present, these coefficients shouldthe A2 + B2 character of the Swave function decreases and
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condition (i) is fulfilled less well. For a large range of valence
angles, these effects cancel, and the spirbit coupling vector

J. Phys. Chem. A, Vol. 102, No. 28, 1998691

(20) Nolte, J.; Temps, F.; Wagner, H. Gg.; Wolf, M.; Sears, TJ.J.
Chem. Phys1994 100, 8706.
(21) Dupuis, M.; Spangler, D.; Wendoloski, J. Brogram QGO01

is nearly independent of the valence angle (Figures 10 and ll)-National Resource for Computations in Chemistry, Software Catalog,

Close to the linear geometry, the contribution frorh-AB? to
S drops abruptly, and theoST; spin—orbit coupling vector
vanishes.

Summary of Computational Requirements. The results
for carbene show that the results of spapin dipolar coupling
calculations converge slowly with increasing basis set quality.

University of California: Berkeley, CA, 1980. Schmidt, M. W.; Baldridge,
K. K.; Boatz, J. A; Elbert, S. T.; Gordon, M. S.; Jensen, J. H.; Koseki, S.;
Matsunaga, N.; Nguyen, K. A.; Su, S. J.; Windus, T. L.; Dupuis, M.;
Montgomery, J. AJ. Comput. Chenil993 14, 1347.

(22) Davidson, E. R.; Feller, D. MELD, Indiana University, Blooming-
ton, IN (version distributed in METECC 94).

(23) Gaussian 94, Revision E.2: Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;

At least a DZ basis set is needed for semiquantitative resultSgeith, T.:" Petersson, G. A.: Montgomery, J. A.. Raghavachari, K.:

(Figure 2). The results are sensitive to the description of

Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.;

electron correlation. The CIS and CASSCF(6,6) methods are Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,

of questionable value. CISD provides good results, which

C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;

change little if triple and quadruple excitations are added (Figure Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C. J. A. Pople,

3). Not surprisingly, for highly accurate results it is necessary
to combine at least a CISD level of electron correlation with a
very large basis set.

The results of spirrorbit coupling calculations show little

Gaussian, Inc., Pittsburgh, PA, 1995.

(24) CADPAC: The Cambridge Analytic Derivatives Package Issue 6,
Cambridge, 1995. A suite of quantum chemistry programs developed by
R. D. Amos with contributions from I. L. Alberts, J. S. Andrews, S. M.
Colwell, N. C. Handy, D. Jayatilaka, P. J. Knowles, R. Kobayashi, K. E.

dependence on basis set quality provided that at least DZ quality-2'di9. G. Laming, A. M. Lee, P. E. Maslen, C. W. Murray, J. E. Rice, E.

is used (Figure 4). Only limited conclusions can be drawn

D. Simandiras, A. J. Stone, M.-D. Su, and D. J. Tozer.
(25) Ellis, R. L.; Jaffe H. H. In Modern Theoretical Chemistregal,

concerning the effect of electron correlation, because our G., Ed.; Plenum: New York, 1977; Vol. 8, p 74.

computer could handle at most CASSCF(6,6) when this work
was performed. From the sequence of CAS calculations in

(26) Béckmann, M.; Klessinger, M.; Zerner, M. G. Phys. Chen1996
100, 10570.
(27) Prasad, B. L. V.; Radhakrishnan T. P.Phys. Chem1992 96,

Figure 5 it seems that a better level of correlation is needed if g237.
the results are to be really accurate, but qualitative features are (28) Furlani, T. Ab Initio Calculation of SpinOrbit Coupling Constants

well described already with smaller active spaces.
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