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Spin potential, spin hardness, spin-philicity, and spin-donicity indices have been extensively studied on a

large set of carbenes, silylenes, germylenes, and stannylenes at the B3LYP/6-31G(d) level. The effect of the
substituents and that of the central atom have been investigated. The sum of the spin potentials calculated in

the singlet and triplet states correlates excellently with the vertical sintylptet energy gap. A very good
quadratic relationship between the spin-philicity and spin-donicity indices and the vertical -sitnigliett
energy gaps is obtained. The analogy of the spin-philicity and spin-donicity indices with the electrophilicity
index is discussed in detail.

1. Introduction on both the ionization potential and the electron affinity of

Conceptual DFTprovides precise definitions of well-known, !igand. Moreover, as intuitively .expected,.the electrophil@city
but historically often vaguely defined chemical properties such index was shown to mcrgase with mc_reasmg electron aff|r?|ty.
as the hardne3sor the electronegativity. However, new Very recently Chattaraj et al. have introduced a generalized
quantities have been introduced as well to better understandconcept of philicity’ They claim that this generalized philicity
and describe atomic and molecular interactions and properties S €ven a more powerful index than the global electrophilicity
An important step along this way was among others the Of Parr et al5 as it contains information both on the Fukui
definition of the electrophilicity indexd«)*® of a given ligand. function and the global electrophilicity of the atom or molecule.
Parr et al. suggested a model in which the ligand is embedded The spin-philicity and spin-donicity indicéshave been
in an ideal zero-temperature free electron sea of zero chemicaldefined by using similar arguments within the context of spin-
potential. In this case, the ligand A will be filled with electrons polarized DFT. Spin-polarized DETallows one to get some
up to the point that its chemical potential becomes equal to thatinsight into the chemical properties related to the change in spin

of the sea implying: number. Vargas et al. used the spin potentials in the analysis of
the singlet-triplet gap of a small set of halocarbenes and found
_ (E) —0 (1) that the sum of the spin potentials correlates linearly with the
A= \oN )/~ vertical singlet-triplet energy gafi.Recent work by Pez et

) o ] ) al.” demonstrated the applicability of the spin-related DFT
as the chemical potential is defined @s= (9E/dN),* with E indices in the interpretation of spin-catalysis phenoniériar

the energy of the system amiithe number of electrons. The 3 small set of di- and triatomic molecules these authors showed

energy change of the ligand\Ea) up to second order due to 5t the spin-philicity and -donicity indices qualitatively account
electron flow AN) from the free electron sea is (the index A for their observed spin-catalytic effect and that the spin potentials

will be dropped from now on) is quantitatively define the direction and magnitude of the spin
2 transfer process involved in spin-catalysis phenomena. This
AE = uAN+ 1/25(AN) @) phenomenon is induced by both magnetic and nonmagnetic

wheren = (82E/0N?), is the chemical hardness of the ligahd. (exchange) interactiort8.It operates in triads of spin carriers
Minimizing AE with respect toAN yields the optimalAN (the simplest case being three radicals); pairwise exchange

for the ligand, for which the energy change then becomes: between either of the partners of the pair and a third spin carrier
' induces the spin conversion in the pair of selected spin carriers

&2 (e.g. radical pair); the latter acts as a spin catalyst that transforms

AE=— o () nonreactive spin states of the pair into the reactive one. Overall

this physical phenomenon manifests itself in chemical reactions

It was then proposed to call the quantity = %2y the of radicals, ions, carbenes, and high-spin molecules and strongly

electrophilicity of the ligand, where it was shown that it depends affects their reaction rates and competition of reaction channels.

. . . However, so far, no detailed investigation has been performed
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examined. The ground state of the carbenoid compounds varies y
with the atomic number of the central atom and with the
substituents attached to it. While the ground state of @rtl

most of its derivatives is B, triplet, the ground state of Si

GeH,, and SnHiis a closed shellA; singlet. In the case of the —
carbene, coulomb repulsion between the electrons constrained_ Singlet at Optimized
to the carbon-centered HOMO is large, and although some ¥~ | T"p'eTT ;g?gn
energy must be surmounted to separate the electrons to different geometry ° Y
molecular orbitals, this energy is largely compensated by the
accompanying decrease of electrarectron repulsion. Fur-
thermore, the triplet configuration is additionally stabilized by
relief of “exchange repulsion”. In the case of the heavier o |
hypovalent species the energy difference between the similar
orbitals is larger; furthermore, less energy is gained upon relief
of the electror-electron repulsion energy. Thus the heavier
hypovalent species favor the closed shell, singlet state with | |

increasing atomic number of the central atdnThe effect of | I

the substituent on the ground state of carb&raw silylene?13 0 2 Ns
has been extensively studied and it has been shown that therjgure 1. External potential #) vs spin number Ng): different
most important factor in the stabilization of the singlet car- pathways of calculation oAE2, (for the explanation of all the
benoids is ther-electron donation from the substituent to the quantities see text).

central atom, while the triplet state can be stabilized with

electropositive subtituents. A convenient way to examine and CHART 1

Path 3

Optimized Triplet at
singlet singlet
geometry geometry

quantify the effect of substitution on the stability of carbenoid ll? R R H
compounds (carbenes, silylenes, etc.) is the calculation of
. . : > I : N _N N s N
isodesmic reaction energieAHl;). In these reactions (see (4) M i e [ o 7 xa
for a prototype of these) the number and type of bonds is equal N —N ) - S/X‘ \—/
on both sides of the equation allowing the comparison of the \
stability of the differently substituted species. R R

1 2 3 4

RRX(singlet)+ XH, — H,XRR' + XH, (singlet)
(X =C, Si, Ge, Sn) (4) well. A few years late!® (with X = Si), the saturated form of
T 1, was synthesized and proved to be stable. The R-substituted

The aim of our work is the study of the spin-related DFT- form of 3 (X = C), a thiazol ylidene, was the first non-diamino-
based indices, such as the spin potentials, spin hardness, spinsubstituted synthesized carbene. Findflyis a possible target
philicity, and spin-donicity numbers, to give a sound basis to Of silylene synthesis, as it was predicted with appropriate bulky
these indices and to clarify their interpretation. Therefore it is 9roups to be as stable as
tempting to explore how these indices change within a given
group of the periodic table with the increasing atomic number
of the central atom and with the different substituents. Although  As the abovementioned DFT-based and spin-related indices
several papers have used the spin potentials, only one very recenfyere defined at constant external potential, comparison should
contribution deals with the spin-philicity and spin-donicity be made with vertical singletriplet energy gaps. In Figure 1,
numbers leaving in our view several open questions. (1) which can be considered as an extension of Figure 1 in ref 9,
Conceptually, in which sense are these indices similar to the three different methods are presented to calculate the adiabatic
electrophilicity index? On the other hand we think it would be Sing|et—trip|et energy SeparationAE:dt). A ai’ the usual
useful to clarify issues such as the following: (2) Does the spin- singlet-triplet energy separation is the energy difference
philicity/spin-donicity number describe ground-state or excited- petween the lowest lying triplet and singlet states of the
state properties? (3) How is it related to the energy change whenmglecule, both at their equilibrium geometry. Path 1 corresponds
the system acquires a given spin number? To answer thesqg the adiabatic excitation energy, being negative if the triplet
questions we made a thorough investigation of the spin-relatedstate is more stable than the singlet. Path 2 corresponds to the
indices of an elaborate series of carbenes, silylenes, germylenesgase of those molecules with a singlet ground state. The adiabatic
and stannylenes substituted with first- and second-row elements singlet-triplet energy separation can be calculated as the sum
In this sense this work is in line with pI'EViOUS studies of our of the “vertical” sing|et—trip|et energy Separatiomﬁv) calcu-
group on the evolution of DFT-related concepts (electronega- |ated at the singlet optimized geometry and the “relaxation

tivity, hardness, softness, etc.) in a given group or column energy” AE;). Path 3 shows the similar path for molecules with
throughout the periodic taldfed**and recent work of our group triplet ground state. Thus we get:

on the use of DFT descriptors in Sn-containing compoufds.

In the set NH, OH, F, SH, and CI disubstituted species have Angt = AE, + AE,, = — (AE, + AE,)) (5)
been considered as well. As it is always desirable to connect

the theoretical results with the experimental data, we also Note that(AE,;) is calculated as the energy of the system in
included some well-known already synthesized or predicted to the triplet state at the optimized singlet geometry minus the
be synthesizable compounds in our set (see Chatt(Wyith X energy of the system in the singlet state, 6&H,,) is calculated

= C and R= adamantyl) was the first bottleable carbene as the energy of the system in the singlet state at the optimized
synthesized by Arduengo et al. in 1989Not much later the triplet geometry minus the energy of the system in the triplet
corresponding silylerfié and germylen® were synthesized as  state.

2. Theory and Computational Details
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CHART 2
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+

The energy chang@AE,) due to a change in spin number ing a “sea of spins” on the basis of (6) with a simple variational
(ANsg) at constant external potential) @nd number of electrons  calculation as used for the derivation of the electrophilicity
(N) can be expanded in a Taylor series around a reference pointjindex, Perez et al. arrived at the following formula for the
in the {N,Ns} representation of spin-polarized DFTwe get: maximal energy change:

1
A, = AN + L ANg? © Wy
AEmax,u,N - 0
2Mss

(10)

whereu? is the spin-potenti&t22 and 2, the spin hardness.
As the energy is not an analytical function of the spin number
(Ns), and has noncontinuous first partial derivatives with respect
to the spin number evaluated at integer valuellofwhen the
total number of electrons is kept fixeqt)g always must be

In the direction of increasing spin multiplicityAfNs > 0),
they suggested using this energy difference as the spin-philicity
index of the system:

calculated in a given direction, i.e., toward increasip@)(or (/t+)2
decreasingy,) multiplicities. w: =57 (11)
As stated, the spin potential is defined as the first-order partial 27725

derivative of the energlg with respect to the spin numbeés).

It describes the energy required to change the spin multiplicity  The spin-donicity number is defined in the direction of

of an electronic state at constant external potentiqland decreasing multiplicity ANs < 0) and the reference state is
electron numberN). The value of the spin potential can be -

evaluated by using the finite difference formulas proposed by P
Galvan et aP?? as

- (BE)— (€M) = €M)

S

—\2
c=— —(ZS 3 (12)
(7) 7755

S
1

ONg/n, 2

The analogy between the electrophilicity and spin-philicity
. [oE\+ (€M) — (M) is clear with the exception of the negative sign in the spin-
Us = (8_NS) =% (8) philicity index, which yields a difference in the interpretation.
N If we consider the electrophilicity values, (e.g. as in ref 5) we
These expressions contain the one-electron energies of the’€€ that a large positive electrophilicity index corresponds to a
HOMO and LUMO orbitals for the system in loweM]j and large energy difference between the neutral and the lower lying
upper (') spin multiplicities, respectively. These formulas can Negatively charged system, and a small electrophilicity index
be easily understood within the Koopmans approximation in a IS OPtained in the case of smaller energy changes. Thus we can
UHF scheme. For the transition of a system from lower S&Y tha_t a molecule v_wth a !arge electrophlllcny_lndex likes
multiplicity M to a higher multiplicityM’, one has to remove (@ réceive electrons, i.e,, itis a good “electrophile”.
one electron from thgnowmo orbital of the system and place it However the spin-philicity index was introduced as the energy
in the oumo orbital. In the case of decreasing multiplicity one  change itself, and not the negative of the energy change. As a

removes one electron from tlgome orbital of the system and rgsult, a large spin-philici_ty index is expect(_ed if the energy
places it in thefLumo orbital (Chart 2). difference between the higher and lower spin states is large,

and a small index occurs in the case of small differences. This
is somewhat contradictory with chemical intuition, since the

name “spin-philic” suggests that the energy difference between
the higher and lower spin states is small compared to the less

The spin hardnessnis) is related to the second partial
derivative of the energy with respect to the spin coordinates
and can be calculated from the spin potentials:

5 u — #+ “spin-philic” species. Therefore we propose that not the energy
ngsz IE =S 9) change but its negative should be used to define the spin-
aNé N 2 philicity index of a given species, similarly to the definition of

Parr et al. for the electrophilicity index.
It measures the concavity of tlieversusNs curve in the given

interval. (‘u+)2
The spin-philicity power ) and the spin-donicity number 0l =5 (13)

s = .0
(wg) were defined similarly to the electrophilicity. Consider- 21 s
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In this case, if the energy change between the higher andever, it is also known that the main sources of errors do not
lower spin states is large, one gets a large negative number forchange significantly with the methd8Mendez et al., e.qg., found
the spin-philicity index, and if the energy difference is small that the B3LYP/6-31G(d) values were systematically lower by
the result is a small negative spin-philicity index. Applying this 2—4 kcal/mol than the experimental orésTherefore we can
definition to the results obtained by Vargas et al. in ref 6, this assume that our values will exhibit the correct qualitative trends.
would mean that molecules with large negative spin-philicity  As can be seen from the comparison of the data, the
values are good spin catalysts. stabilization of the singlet state increases with increasing atomic

In the case of the spin-donicity index we also propose to use nymber of the central atom for all the substituents except for
the negative of the energy change as the index on the basis othe examined ring compounds. In the stabilization of the singlet
a similar reasoning as used in the case of the spin-philicity index. state the difference between the C and Si compounds is much

larger (15-35 kcal/mol) than that between the Si and Ge or Sn
(u3)? compounds, which is in accordance with the somewhat different
? (14) behavior of the first-row elements, as compared to the elements
ss of higher periods.

The vertical energies have been evaluated at two geom-

etries: at the optimized singlefAE,;) and triplet (AE2)

w

S

If a system has a triplet ground state and the singlet state

lies much higher in energy, we expect a small spin-donicity tries. Evidently. th Hical . | |
number. This means that the triplet state is energetically favored, 3€OMEtres. Lvidently, the vertical energies are aiways farger
than the adiabatic singletriplet gaps as they do not include

i.e., the system does not want to decrease its spin number. If

the energy difference between triplet and singlet states is smaller,the energy decrease due to geometry relaxation (in this sense

a large spin-donicity number is to be expected. AE,; is larger thanAEf‘fs,_ the energy differen_ce calculated as
All the structures treated in this work were fully optimized the energy of the optimized 5'”9(1‘9'[ state minus the energy of
in both their singlet and triplet states at the (U)B3LYP level of the optimized triplet state; a&E’; = —AEZ, this implies
theory with the 6-31G(d) basis set, using the Gaussian 98 that AE,, is larger than—AE2Y). This “relaxation energy” is
program?3 This basis set has been shown to be appropriate for large if the optimized singlet and triplet geometries are
the qualitative analysis of singletriplet energy gaps* For Sn, considerably different. The difference is most pronounced in
the LANL2DZ? basis set was used augmented with a d-type the case of HCNEland HCPH (and also in their corresponding
polarization functior® This basis set has proved to be of great silylenes). In these molecules, the N and P atoms are strongly
value in recent studies of the HSAB principle on tin-containing pyramidalized in the triplet state, while the N atom is planar
molecules’> Analytical second derivative calculations were and the P is almost planar in the singlet state. The degree of
performed to ensure that all the stationary points were real the planarity of the heteroatom in the singlet state decreases
minima on the potential energy surface. Although at the DFT with the atomic number of the central atom.
level one has no wave function, t2expectation value of the Let us consider the cycle depicted in Figure 1 (Path 2 and in
Slater determinant constructed from the KetBham orbitals  the reverse direction Path 3). On the basis of the signs of the
is frequently used as a probe of the UKS scheme. In our casevertical excitation energies three energetically different cycles
the $ values for the triplets were always very close to 2, exist (see Figure 2). Molecules with a highly stable triplet ground
implying that the contamination with higher spin states is state behave as shown in the first cycle. Molecules with singlet
negligible. Single-point calculations were performed in the triplet and triplet states of similar stability behave according to cycle
state on the geometry corresponding to the singlet state and vicez, Molecules with a highly stable singlet state act as shown in
versa to evaluate the vertical singtétiplet energy separations.  cycle 3. When going down the carbon group, the compounds
shift toward categories 2 and 3. Furthermore, the molecules shift

3. Results and Discussion toward categories 2 and 3 with increasing capability of sub-

Table 1 contains the calculated adiabatic singtdplet stituents to stabilize the singlet state.
energy separations, vertical Slng’r%ﬂmet gaps, spin potential In Figure 3 the vertical energies are plotted again&E?,
(us, us) values, spin-hardnessesgd, spin-philicity/spin-do-  for carbenes (similar curves have been found in the case of

nicity numbers, and maximal spin acceptance/spin releasesilylenes, germylenes, and stannylenes as well). Vargas et al.
valuesANs may. The spin-related indices are only presented for found that for a limited series of halocarbenes, these two values
the correspondingroundstate, i.e., for molecules with a singlet  differed only by a constarftThis is, however, not true for our
ground stater;, g, n% andAN¢ ., and for molecules with  set, as it exhibits much broader structural variety, but the linear
a triplet ground state only, ., 72, and ANg ox Are relationship still holds. The correlation is much better Adt,
presented. It is self-evident that for molecules in the singlet than forAE,y; this may be due to the fact thAE,, is calculated
ground state no spin-donicity should be calculated, as there isfrom an excited state, as most of the molecules exhibit a singlet

no lower lying spin state. For molecules with triplet ground ground state. Similar curves exist for silylenes, germylenes, and

state, all of these indices can be calculated w, in the stannylenes.

direction of the singlet state ane, wg, and ANg,.in the Spin-Related Conceptual DFT IndicesComparison of the
direction of the quintet state, but as we are only interested in numerical data for the four molecular groups shows that with
the ground state properties for these molecules pplyw,, A the increasing atom number of the central atom the spin hardness

Ns maDave been considered. Note that in general these indicesslightly increases (becomes less negative). This is in contrast
can be used to describe ground- and excited-state properties awith the changing of the hardness of the molecule: the hardness
well. decreases with the atomic number of the central atom. The spin-

Adiabatic and Vertical Singlet—Triplet Energy Separa- philicity and spin-donicity numbers decrease (become more
tions. It has been shown that the evaluation of accurate negative) with the increasing atomic number of the central atom
quantitative singlettriplet energy gaps requires precise, highly for a given substituent. Similar trends cannot be observed in
sophisticated MRCI calculations with large basis détdow- the case of the spin potential values.
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TABLE 1: Ground State Multiplicity (singlet or triplet), Adiabatic Singlet —Triplet Energy Separation (A
E™), Vertical Energies (AE,1, AE,), Spin Potentials (i /u.), Spin Hardness ¢29, Spin-Philicity/Spin-Donicity (! /w_)
Numbers, and Maximal Spin AcceptanceANgma{AN;,ma) for the Investigated Compound$

GS GS
molecule mult  AEX, AEs AEp ullu; ollo; 7% ANsmax molecule mul A EMAEq AEn ullu; of

S S

log 7Y ANsmax

a. carbene compounds €XC)

HXH t —-13.7 —-14 272 -228 —153 —-1.69 —1.35 HXCI s 22 109 95 1.70-1.00 —1.45 1.18
HXLi t =321 —-321 321-164 —1.14 —-1.17 —1.40 X(NH)2 s 521 895 42 3.40 —396 —-146 233
HXBeH t —342 -299 345-214 —-158 —145 —-1.48 X(OH) s 566 752 —24 318 -—-327 —-155 2.06
HXCHj3 t -6.9 112 21.1-2.02 —1.30 —1.57 —1.29 X(SH) s 244 378 20.8 2.10 -1.76 —1.26 1.67
HXNH; s 315 53.8 472 262-2.36 —-145 180 Xk s 522 604 —408 299 -267 —-167 1.79
HXOH s 23.4 342 165 227-1.70 —152 149 XCi s 166 247 —-56 190 —-134 -135 141
HXF s 12.1 194 —-13 202 —-129 -159 127 HNXOH s 543 798 —46 322 -350 —-1.48 217
HXNa t —-26.1 -183 33.1-112 —0.70 —0.89 —1.25 HNXSH s 389 641 10.6 2.76 —2.80 —1.36 2.03
HXMgH t —323 —-237 348 -2.04 —-150 —1.38 —-1.47 HOXSH s 357 491 211 2.47-220 —139 1.78
HXAH, t -21.3 -200 223-171 -1.08 —-1.36 -1.26 1 s 821 997 -39.2 338 —443 -129 262
HXSiH3¢ 2 s 694 899 -232 335 —-397 —-141 237
HXPH; s 6.6 51.3 38.0 237-231 —-1.22 195 3 s 66.2 775 —427 289 —-341 -122 236
HXSH s 13.8 328 352 209-162 —-134 155 4 s 382 524 -169 191 -209 -0.88 219
b. silylene compounds (% Si)
HXH s 20.1 29.3 —88 168 —1.34 —1.05 1.60 HXCI s 337 384 —-262 181 —168 —0.98 1.85
HXLi t -6.8 —-19 16.2 -1.11 -0.75 —0.82 —1.35 X(NH): s 556 861 —-120 293 —395 —1.08 2.70
HXBeH t 0.0 95 11.0-1.17 —-0.73 —0.94 —1.25 X(OH) s 664 804 —440 285 —363 —-112 255
HXCHj3 s 22.3 30.1-122 1.68 —1.37 —1.03 1.63 X(SH) s 431 579 -89 219 -256 -094 234
HXNH; s 41.0 59.2 —-6.4 227 -258 —-1.00 227 Xk s 756 794 -709 290 -—-352 -120 242
HXOH s 39.9 47.3-21.3 2.04 —2.05 —1.02 2.00 XC} s 530 569 —476 224 -—-248 -101 222
HXF s 39.1 431-326 197 —1.87 —1.04 190 HNXOH s 60.1 805 -27.8 281 —367 —-1.08 261
HXNa t -38 -—-12 102 -0.81 —-0.46 —-0.71 —-1.14 HNXSH s 501 726 -10.3 255 —329 —-0.99 258
HXMgH t -0.7 5.7 10.8-1.10 —-0.69 —0.88 —1.25 HOXSH s 519 687 —24.7 248 —-3.08 —1.00 2.49
HXAH> s 3.9 16.7 151 1.27-090 —0.90 141 1 s 593 766 —375 241 —4.03 -0.72 3.35
HXSiH3 s 1345 227 —-19 145 -110 095 1522 s 755 821 -651 269 —3.82 —-095 284
HXPH, s 22.4 396 —-24 179 —-1.73 -092 193 3 s 566 736 —345 232 —-3.84 -0.70 3.32
HXSH s 32.9 489 —7.7 205 —-2.13 —-0.99 207 4 s 603 690 —-440 232 —-316 —085 273
c. germylene compounds (XGe)
HXH s 26.3 36.2 -142 171 —159 —0.92 1.86 HXCI s 413 451 -343 183 —-197 —0.85 215
HXLi t -58 —-1.3 181 —-1.13 —-0.92 —-0.69 —1.63 X(NH): s 558 916 -173 2386 —4.43 -0.93 3.10
HXBeH s 15 11.6 134 1.12-0.73 -0.87 1.29 X(OH) s 707 836 —475 2380 —3.98 —-0.98 284
HXCH3 s 27.3 354-16.4 168 —1.56 —091 1.85 X(SH) s 488 634 -188 220 —295 —0.82 2.68
HXNH> s 43.9 64.8-13.4 229 —2.96 —-0.89 258 Xk s 827 859 -782 291 —-4.06 —-1.04 279
HXOH s 44.7 51.7-27.6 2.04 —2.28 —0.91 2.24 XC} s 627 661 -574 228 —-3.06 —0.85 2.68
HXF s 45.4 48.6 —39.3 197 —2.13 —091 216 HNXOH s 623 845 —-320 279 —4.06 —0.96 2091
HXNa t -22 -03 8.6 —0.76 —0.44 —0.67 —-1.14 HNXSH s 534 892 -179 254 —-539 —0.60 4.24
HXMgH s 15 74 107 095-0.58 —0.77 1.23 HOXSH s 573 739 —-31.7 246 -—-350 -0.87 284
HXAH, s 6.7 20.0 143 1.26-098 —-0.81 1551 s 504 645 —343 217 -—-3.17 -0.74 292
HXSiHz® 2 s 679 771 -522 244 -382 -0.78 3.13
HXPH; s 26.3 389 -84 167 —1.70 —0.82 2.04 3 s 490 641 -326 211 —-321 -0.69 3.05
HXSH s 38.9 55.0-16.0 2.08 —2.46 —0.88 237 4 s 588 683 —38.7 225 -—-328 —-0.77 292
d. stannylene compounds X Sn)
HXH S 26.6 345-164 165 —149 —091 1.81 HXCI s 404 439 -341 179 -1.89 —-0.85 211
HXLi t -0.7 24 8.5 —0.87 —0.52 —0.72 —1.20 X(NH): s 507 816 —-184 253 —359 -089 284
HXBeH s 7.1 15.0 41 1.14-0.80 —0.82 140 X(OH) s 639 744 —447 256 —3.39 —-0.97 265
HXCHj3 s 26.9 33.6-179 1.61 —1.46 —-0.89 1.81 X(SH) s 465 591 -—-229 209 -2.68 —-0.82 256
HXNH; s 40.8 58.4-16.3 2.13 —2.56 —-0.88 241 Xk s 742 772 —69.7 270 —-345 -105 256
HXOH s 41.7 47.4-279 191 —2.05 —-0.89 215 XC} s 604 635 -557 222 -—287 —-0.86 258
HXF s 43.1 46.1-376 1.88 —1.99 —-0.89 211 HNXOH s 554 750 -31.0 255 —-345 —-0.95 270
HXNa S 1.2 25 35 0.74-044 —-062 119 HNXSH s 496 707 —-209 236 —3.26 —085 277
HXMgH s 6.0 10.7 3.1 097-065 —0.73 1.34 HOXSH s 517 619 —330 219 —280 —-0.86 256
HXAH, s 9.8 22.0 7.0 125-1.02 -0.77 164 1 s 544 649 -388 208 —321 —-0.67 3.09
HXSiH3 s 20.6 28.2-104 143 -1.25 -0.82 1.75 2 s 490 580 —-375 195 -2.82 —-0.67 2.90
HXPH; s 26.4 358—-128 156 —1.54 —-0.79 1.98 3 s 356 466 —26.2 176 —2.18 —0.71 2.48
HXSH s 37.8 50.2-19.4 196 —2.18 —0.88 2.23 4 s 385 516 —-26.3 179 —255 —-0.63 285

a Adiabatic singlet-triplet energy separation and vertical energies in kcal/mol, spin potential values in V, spin-hardness in V/spin units, spin-
philicity and spin-donicity values in eV, maximal spin acceptance in spiBiglet= s; triplet= t. No stable species has been found at the
B3LYP level of theory.

Vargas et al. showed that the energy difference estimated on  An interesting feature of the spin potentidlis that it gives
the basis of the sum of the spin potenti@fsandu calculated information on the stability of carbene type compounds. In
in the singlet and triplet state correlates very well with the Figure 5, the changes oAE’;‘i, us, and AH; (isodesmic
vertical singlet-triplet energy gag.We have confirmed this  reaction energy for reaction 4, calculated at the B3LYP/6-31G-
(R? >0.99 in all cases) for all the compounds (Figure 4). Itis (d) level taken from ref 29) are plotted for the silylenes
worth noting that the parameters of the linear fit are the same substituted by first- and second-row elements. As mentioned
for all carbenoid compounds and do not depend on the groundearlier the isodesmic reaction energy can be used to quantita-
state of the molecules. tively compare the stabilities of similar molecules, e.g. that of
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Lé]] silylenes.
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Figure 3. The estimated singletriplet gap (in kcal/mol) on the basis P :
of the sum of the spin-potentialsy;( + ug) plotted against the T T [ o™ T w
corresponding vertical singletriplet energy separation&E,; at the -104 ¥ K 5 z % E
singlet geometry and\E,, at the triplet geometry (in kcal/mol)) for 20 4 s z b
the investigated carbenes, silylenes, germylenes, and stannylenes. Yabrow
the substituted carbenes or silylenes. From Figure 5 it can be ax, 4t AE*
seen that all three quantities predict the same ordering for the 50
stabilization effect of the different substituents. It must be noted 40 |
that the approximate formula fqar;’ corresponds to twice the -
hardness of the singlet molecule; it is known that large HGMO |
LUMO differences, thus a large hardness, imply high stability, 20~ - AH,
due to the maximum hardness principldt is worth noting 10 4 -y
that in a spin-polarized case (e.g. in the triplet state) the o —a— AET,
relationship between the HOM@.UMO gap and the stability
of the molecule is not straightforward, as in open-shell cases ~19 1
the LUMO is not well-defined and may lie below the HOMO. -20 -
In Figure 6 the maximal spin acceptancﬁl\@'ma) of the 2nd row

m_olecu_les is plotted against the vertical en_ergies f(_Jr carbenesFigure 5. Comparison of the isodesmic reaction enefayh) (eq 4)
W'th+ singlet ground stgte ?nd the maximal spin release (in kcal/mal), spin potential;@) (in 10! V), and adiabatic singlet
(ANs 5 for carbenes with triplet ground state. It shows that yipjet gapAEX (in kcal/mol) in the first and second row substituted
molecules with larger vertical energies are able to accept moresilylenes (isodesmic reaction energy taken from ref 29 at the B3LYP/
spins from the “sea” or donate more spins to the “sea”. This 6-31G(d) level).

seems to be in contrast with intuition; one would expect a system

with a stable singlet state to take fewer spins from the sea. Thistwo states, the larger the destabilization of the molecule and
is, however, similar in the case of spin catalysisreRecet al. the more spins it can accept or donate. The more destabilized
found that molecules with larger vertical energies are proven molecule can more easily convert the spin state of the reactants
to be experimentally better spin catalys#.possible explana-  during the catalytic process.

tion for this fact is that one is describing an energetically  Figure 7 shows the dependence of the spin-philicity index
unfavorable process; molecules with singlet ground state accepton the vertical energy gap. As we are interested in the singlet
spins from the sea and molecules with triplet ground state donateand triplet states, spin-philicities are presented only for mol-
spins to the sea. The larger the energy difference between theecules with singlet ground state. Although the correlation
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Figure 7. (a, b) Spin-philicities (in eV) plotted against the vertical singleiplet gap (in kcal/mol) and the fitted quadratic function for the
investigated compounds with singlet ground state. (c, d) Spin-philicities (in eV) plotted against the verticat-siipdégtgap (in kcal/mol) and the
fitted quadratic function for the investigated compounds with singlet ground state.

coefficient of the linear fit is very good?¢ = 0.986 for carbenes,
R? = 0.969 for silylenesR? = 0.955 for germylenes, arief =

The spin-donicity number gives information about the energy
changes in the direction of decreasing multiplicity. Since the

0.984 for stannylenes), one could suggest a quadratic fit basedproperties are only computed for ground states, the spin-donicity
on the behavior of the fitted function near the end points of the numbers are only presented in the tables for the compounds
range considered. Furthermore, a quadratic dependence of thevith triplet ground state. Most of these molecules belong to
spin-philicity on the vertical energy is expected on the basis of the carbenes, therefore the spin-donicity number as a function
the formula for spin-philicity (eq 11). From the numerical data of the vertical energy is only depicted for the carbenes (Figure
presented in Table &l it is obvious that the spin hardness 7). (The curve includes those carbenes, as well, whose ground
does not change significantly for the different substituents. As state is singlet, but they are all calculated in the triplet state.)

a result the spin-philicity is mainly dominated tug calcu-
lated in the singlet state, which correlates linearly with A&,

energy difference (eq 6).

Similarly to the spin-philicity curve, the spin-donicity decreases
with the verticat-singlet triplet gap. Note, however, that now

the vertical gap is calculated with the triplet state as the reference
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CHART 3: Comparison of the Definitions, Defining Equations, Properties of Electrophilicity, Spin-Philicity, and Spin-

Donicity Indices As Used in the Present Study
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Figure 8. The spin-donicity (in eV) calculated in the triplet state and
plotted against the corresponding vertical singleiplet gap (in kcal/
mol) for the investigated carbenes. The quadratic relationship is shown.

point. A large negativen, is expected if the vertical gap is

same intercept, meaning that they predict the same energy
change if the system goes from the triplet state to the singlet
state or vice versa if the vertical energy is zero.

It is anticipated thatv, /w_ should be related to the vertical
energy, because both of these quantities measure the capability
of an agent to accept/donate spins. Howexdt,,/AE,, reflects
the capability to accept/donate exactly two spins (i.e. the spin
of one electron changes), whereas the spin-philicity/spin-donicity
index ({/w;) measure the increase of the energy of the
ligand due to maximal spin flow between donor and acceptor.
The spin change may be either less or more than two. These
are values of a similar type as those listed by Parr et al. in the
case of the electrophilicity indeéxThey found values slightly
less than one for the maximal electron flow. In our case the
typical value is around two, which corresponds to the spin
change of one electron.

large, i.e., much energy is necessary to reach the excited singlet At first sight the energy difference between the corresponding

state. The correlation (both of the linear and quadratic fit) for
the spin-donicity number curve is much worse than in the case
of the spin-philicity powers, which may be explained by the
fact that for the majority of the molecules the spin-donicity is
calculated in an excited state. If HCNa is excluded from the
set, however, a much better correlation is achieved. It is worth

spin states of the molecule may seem to be used for the spin-
philicity/spin-donicity index, but the definition /@)2/27725) as

in eqs 11 and 12 only pertains the basic quantities governing
small changes away from the initial state, the first orpér

and the second-ordezﬁgS (as was pointed out by Parr et al. in
the case of the electrophilicity index).
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