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The spin multiplicity effects on the second hyperpolarizability (γ) are investigated for a small-size open-shell
neutral conjugated model, the C5H7 radical, in the doublet, quartet, and sextet states by using several ab initio
molecular orbital and density functional theory methods. The spatial contributions of total,R- andâ-electrons
to γ are examined to characterize the spin polarization and electron correlation effects onγ. It turns out that
the second hyperpolarizability increases with the spin multiplicity, suggesting the interest of designing spin-
enhanced nonlinear optical (NLO) systems based on open-shell neutral organic compounds, which also present
the possibility of spin control of the NLO properties.

1. Introdunction

The quest for highly efficient nonlinear optical organic
systems during the last three decades has mostly focused on
closed-shell conjugated compounds.1-10 Key strategies involve
the optimization of the nature and length of the conjugated linker
and the choice of donor and acceptor substituents of specific
strengths, as well as the investigation of the effects of charging
the system.11-23 Although several studies have highlighted their
potential,14,17,24-30 much less has been achieved for open-shell
systems for which the spin state constitutes another degree of
freedom that could be tuned to match the desired properties or
to be used in logic devices.

Open-shell systems can be classified according to the strength
of electron correlation, i.e., weak, intermediate, and strong
(magnetic) correlation regimes, which can be exemplified by
equilibrium, intermediate, and long bond distance regions of a
homogeneous neutral diatomic molecule.31 Previous studies by
three of us32,33 indicate the remarkable variation in second
hyperpolarizability (γ) according to increasing the bond distance
and suggest the enhancement ofγ in the intermediate correlation
regime. In addition, the amplitude of the electron correlation is
expected to change by modulating the spin and/or the charge
of a system. In this study, as a first step toward realizing spin-
modulated NLO systems, we focus on the dependency ofγ on
the spin state (doublet, quartet, and sextet). Namely, we
investigate the static longitudinal second hyperpolarizabilities
of the small-size neutralπ-conjugated model, the C5H7 radical.
Since significant electron correlation dependency and spin
contamination effects are predicted forγ of such open-shell
system,26-28 we employ the UHF andpost-UHF methods as
well as spin-projected methods. In addition toγ values, the

spatial contributions of total,R- and â-electrons toγ are
characterized by using the hyperpolarizability density analy-
sis13,34 to investigate the spin polarization and electron correla-
tion effects onγ. On the basis of the present results, the
relationships among spin states andγ values for open-shell
neutral systems are discussed in connection with the proposal
of a new class of NLO systems, i.e. spin-enhanced NLO
systems, which also present the possibility of spin control of
NLO properties.

2. Methodology

2.1. Geometrical Structure.Figure 1 shows the structures
of C5H7 radicals in the doublet (a), quartet (b), and sextet (c)
states optimized at the UB3LYP level of approximation, using
the 6-311G* basis set. The doublet, quartet, and sextet states
are characterized by an excess ofR-electrons with respect to
â-electrons: oneR-electron in excess for the doublet, three for
the quartet, and five for the sextet. For each spin multiplicity
the lowest energy state has been considered. At the B3LYP/6-
311G* level, the corresponding〈S2〉 values are 0.795, 3.765,
and 8.765 for the doublet, quartet, and sextet whereas the exact
values are 0.75, 3.75, and 8.75, respectively. The CC bond
length alternation is shown to decrease when going from the
doublet to the sextet state, where all CC bonds are similar to
single bonds. This feature can be understood by the fact that
increasing the spin multiplicity corresponds to breakingπ bonds.

2.2. Computational Procedure for Determining the Hyper-
polarizabilities. Several studies have demonstrated that the use
of a split-valence or split-valence plus polarization basis set
augmented with a set ofp andd diffuse functions on the second-
row atoms enables the reproduction of the second hyperpolar-
izability of large- and medium-sizeπ-conjugated systems
calculated with larger, and computationally less affordable, basis
sets.35,36 In the present study, the 6-31G*+pd basis set withp
andd exponents of 0.0523 has been employed.37 For the analysis
of electron correlation effects onγ, a succession of methods
has been adopted, starting with the UHF scheme. Thepost-
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UHF methods include the UHF-Møller-Plessetnth-order
perturbation (UMPn (n ) 2-4)), the UHF coupled cluster with
single and double excitations (UCCSD), as well as with a
perturbative treatment of the triple excitations, (UCCSD(T)),
and the UHF-based quadratic configuration interaction scheme
including all singles and doubles (UQCISD). In addition, the
l-fold spin-projected UMPn methods with the Lo¨wdin type spin
projection,38 i.e., PUHF (l ) 1), PUMP2 (l ) 1), and PUMP3
(l ) 1), have also been applied to highlight the effects of spin
contamination corrections onγ. Moreover, at the HF and MP2
levels, the corresponding restricted open-shell approaches
(ROHF and ROMP2) have been employed while among the
density functional theory (DFT) schemes, the hybrid B3LYP
exchange-correlation functional has been adopted. All calcula-
tions have been performed with the Gaussian 98 program
package.39

We confine our attention to the longitudinal components of
γ. Although its vibrational counterpart would definitely deserve
to be addressed in a forthcoming study, this study concentrates
on the electronic contribution and more precisely on its static
value. Indeed, for many of the theoretical approaches mentioned
above, the methodologies and/or codes for evaluating their
frequency-dependent analogues are nowadays not available. On
the other hand, the static quantities can be obtained by adopting
the finite field (FF) approach40 that consists of evaluating the
system energy for different amplitudes of the applied external
electric field and, subsequently, in differentiating it numerically.
To improve the accuracy on theγ values, a 4-point procedure
(equivalent to a 7-point procedure for a nonsymmetric case)
with field amplitudes of 0.0, 0.0010, 0.0020, and 0.0030 au13

and/or the Romberg scheme41 with field amplitudes of 0.0,
0.0010, 0.0020, and 0.0040 au were adopted. This has enabled
us to reach an accuracy of 10-100 au on the static longitudinal
second hyperpolarizability of the C5H7 radical. The power series
expansion convention (B convention42) has been chosen for
defining γ.

2.3. Second Hyperpolarizability Density Analysis.The
second hyperpolarizability density analysis7,13,34has been used
to characterize the spatial contributions ofγ as well as of itsR-
andâ-spin components. The contributions obtained from a pair
of positive and negative (hyper)polarizability densities provide
a description of local contributions of electrons to the total
(hyper)polarizability. This method has also been extended to
the vibrational components of (hyper)polarizabilities.43 The static
γ value can be expressed in atomic unit (au) by

where

This third-order derivative of the electron density with respect
to the applied electric fields,F(3)(r), is referred to as theγ
density. It is noted that the positive and negative values ofγ
densities multiplied byF3 correspond respectively to the field-
induced increase and decrease in the charge density (in
proportion toF3), which induce the third-order dipole moment
(third-order polarization) in the direction from positive to
negativeγ densities. Therefore, theγ density map represents
the relative phase and magnitude of change in the third-order
charge densities between two spatial points with positive and
negative values. Theγ densities are calculated for a grid of
points by using a numerical third-order differentiation of the
electron densities (total,R and â) calculated by Gaussian 98.
For treating the C5H7 radical, the origin is chosen to be the
molecular center of mass,XYdefines the molecular plane, and
the longitudinal axis of the molecule is along theX-axis. The
box dimensions (-8 e x e 8 Å, -5 e y e 5 Å, and-5 e z
e 5 Å) ensure that theγ values obtained by integration are
within 1-4% of the FF results. To explain the relationship
betweenγ and F(3)(r), let us consider a pair of localizedγ
densities with positive and negative values. The sign of theγ
contribution is positive when the direction from positive to
negativeγ density coincides with the positive direction of the
coordinate system. The sign becomes negative in the opposite
case. Moreover, the magnitude of theγ contribution associated
with this pair of γ densities is proportional to the distance
between them.

3. Results and Discussion

3.1. Electron Correlation Effect onγ of the Doublet State.
Figure 2 and the second column of Table 1 show the impact of
including electron correlation and of performing spin projection
on theγ value of the C5H7 radical in the doublet state. In Figure
2, the methods1-7 and 8-9 belong to the spin-unrestricted
and spin-restricted schemes, respectively, while10-12 belong
to the spin-projected scheme. The methods are arranged in order
of increasing correlation level in each scheme. The method13
belongs to the DFT scheme. The second-order electron cor-
relation correction is significant and positive: it enhances the
γ value by more than 100% [151× 102 au (UHF) and 304×
102 au (UMP2)]. Although at the UMP3 (263× 102 au) and
UMP4SDQ (242 × 102 au) levels higher order electron
correlation contributions are shown to correct the overshooting
second-order contribution, the correction is not sufficient as
compared to the UCCSD(T) value (215× 102 au). From the
comparison between the UMP4SDQ (242× 102 au) and UMP4

Figure 1. Structures of C5H7 radicals in (a) doublet, (b) quartet, and
(c) sextet states. The structures are planar and belong to theC2V point
group.
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(258× 102 au) values, the inclusion of the triple excitations in
the fourth-order perturbation treatment brings a small positive
contribution toγ. Actually, their inclusion at the CC level leads
to a similar increase ofγ [200 × 102 au (UCCSD) versus 215
× 102 au (UCCSD(T))].

On the other hand, correcting for spin contamination decreases
the UHF, UMP2, and UMP3γ values by 65%, 28%, and 24%,
respectively [53× 102 au (PUHF), 220× 102 au (PUMP2),
and 201× 102 au (PUMP3)]. Similarly to the nonspin-projected
case, the second-order Møller-Plesset correction substantially
increasesγ, whereas at the third-order level, this increase is
slightly reduced. Strikingly, the low-order spin-projected PUMP2
value is close to the high-order correlated CCSD and CCSD-
(T) values. This suggests that, in the case of open-shell neutral
systems in low spin states, obtaining a fast convergence of the
γ value with respect to the order of electron correlation requires
first the removal of spin contamination. The UQCISD (193×
102 au) and UB3LYP (198× 102 au) results are very similar to
the bestγ estimates. The restricted open-shell treatments provide
γ values which are both in close agreement with the UCCSD-
(T) results [241× 102 au (ROHF) and 217× 102 au (ROMP2)],
showing an improved convergence as a function of the inclusion
of electron correlation with respect to the unrestricted and
projected approaches.

Further insights into the spin contamination effects on the
second hyperpolarizability of the doublet are provided by the
expectation value ofS2 listed in Table 2 for HF and MP2 levels
of approximations. In particular, at the UHF level the spin
contamination is not negligible and it is overcorrected by using
the PUHF (l ) 1) scheme. Theγ densities, as well as theirR-
andâ-electron components, have been determined at the UHF,
UQCISD, and UB3LYP levels and are shown in Figure 3. At
the UHF level, theâ-electron contribution (81× 102 au) is larger
than itsR counterpart (76× 102 au) though the doublet C5H7

possesses an excess ofR π-electrons. In contrast, their relative
contributions are inverted upon inclusion of electron correlation.
Indeed, at the UQCISD level, theR-electron contribution is
enhanced by 54% (117× 102 au) whereas theâ-electron
contribution is slightly reduced (78× 102 au). At the UHF and
UQCISD levels, the main contributions toγ originate from the
π-electronγ densities located at the molecule extremities and
the amplitudes are the largest at the correlated level (Figure
3a,d). At the UHF level (see Figure 3b,c), the difference between
the R- and â-electron contributions comes from the most-
contributing end regions where the amplitudes of theâ-electron
γ densities are larger. Theγ density delocalization is also
observed for theâ-electron contributions in the internal chain
region. The largerâ-electron γ densities are related to the
presence ofâ-hole in aπ-symmetry orbital. Indeed, due to the
Pauli principle, theâ π-electrons are predicted to fluctuate more
significantly. This will be referred to as the Pauli effect and is
responsible for the larger UHFγ densities of theâ-electrons in
both end regions.

The small reduction of theâ-electron γ densities at the
UQCISD level compared to the UHF case can be associated
with the corresponding reduced spin polarization (Figure 4a,b).
In addition, theâ π-electron contribution increases in the middle
region at the UQCISD level (Figure 3f) as compared to the UHF
level (Figure 3c). This is related to the increase of delocalization
of theâ π-electrons in the middle region due to the correlation
effects. As a result of these two antagonistic effects, the
UQCISD â-electron contribution at the UQCISD level is only
slightly smaller than its UHF analogue. On the other hand, the
enhancement ofR π-electron contribution upon including
electron correlation is caused by an increase of delocalization
that leads to the extension of the outer region ofR π-electron
distributions (see Figure 3e). Such extension of the outer region
is predicted to be related to the fact that significant delocalization
in the internal chain region is restricted by the Pauli principle
while theR-spin density is important in the outer region (Figure
4b).

Therefore, correcting the overestimated UHF spin polarization
leads to a small reduction of theâ π-electron contributions
whereas including electron correlation significantly increases
the R π-electron contributions so that, at the UQCISD level,
the γ contribution perπ-electron is similar for theR- and
â-electrons, whereas at the UHF level, theâ component per
π-electron is larger. These tendencies are substantiated by the
γ reduction upon using spin-projected methods as well as by
the enhancement ofγ by the MPn methods. In addition, the

Figure 2. Electron-correlation dependency ofγ [au] for the doublet
C5H7 radical. The UHF, UMP2, UMP3, UMP4SDQ, UMP4SDTQ,
UCCSD, UCCSD(T), PUHF, PUMP2, PUMP3, and UB3LYP results
with 6-31G*+pd basis sets are shown.

TABLE 1: γ Values (in 100 au) for the Doublet, Quartet,
and Sextet States of C5H7 Radical Obtained with Various
Methods and the 6-31G*+pd Basis Set

doublet quartet sextet

UHF 151 184 845

UMP2 304 366 1533
UMP3 263 315 1343
UMP4D 266 315 1356
UMP4DQ 253 300 1284
UMP4SDQ 242 297 1145
UMP4 258 328 1242

UCCSD 200 274 872
UCCSD(T) 215 300 931

UQCISD 193 272 696

ROHF 241 606 1106
ROMP2 217 -242 2354

PUHF 53 147 832
PUMP2 220 333 1539
PUMP3 201 295 1337

B3LYP 198 407 227

TABLE 2: Expectation Value of S2 for the Doublet,
Quartet, and Sextet States of C5H7 Radical Obtained with
Various Methods and the 6-31G*+pd Basis Set

UHF UMP2 PUHF PUMP2 exact

doublet 1.171 1.056 0.684 0.728 0.750
quartet 3.911 3.847 3.746 3.750 3.750
sextet 8.815 8.770 8.749 8.750 8.750
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UCC and UQCI calculations can involve both electron correla-
tion and spin polarization corrections.

Finally, the applicability of the UB3LYP method to reproduce
the γ of the doublet state is examined. The spin density at the
UB3LYP level closely maps the UQCISD one (Figure 4b,c)
while most of theγ contribution (66%) also comes from the
R-electrons, which is a bit larger than at the UQCISD level
(60%). Although the primary features ofγ densities are similar
at the UB3LYP and UQCISD levels, the UB3LYPR-electron
γ density is slightly larger in the outer regions (Figure 3h),
whereas for theâ-electron contribution a decrease is observed
at the extremities (Figure 3i).

3.2. Spin Multiplicity Effects on γ. The spin multiplicity
effects onγ are investigated by comparing the doublet, quartet,
and sextet states of the C5H7 radical (Table 1). At the exception
of UB3LYP and ROMP2, all methods predict an enhancement
of γ with the spin multiplicity, with a larger increase between
the quartet and the sextet than between the doublet and the
quartet. Similarly to the doublet state, theγ of the quartet is
enhanced by almost a factor of 2 when adding second-order
electron correlation corrections (UMP2: 366× 102 au) to the
UHF result (184× 102 au) while higher order corrections at
the UCCSD(T) level reduce this enhancement by 18% (300×
102 au). Although the spin projection also reduces the UHF,
UMP2, and UMP3γ values of the quartet, the reduction is
smaller than for the doublet and attains 20%, 9%, and 6%,
respectively. Again, the PUMP2 and PUMP3 values are good
approximations to the UCCSD(T) results. This decrease of the
spin projection effect with the spin multiplicity is related to the

reduction of spin polarization (Figure 4) and spin contamination
(Table 2) as a result of a larger number ofR π-electrons. On
the contrary, the ROHF and ROMP2 values are much different,
between themselves as well as with respect to the UCCSD(T)
γ value. These poor results are attributed to the missing electron
correlation effects.

For the sextet state, the UHF value (845× 102 au) is similar
to the best UCCSD(T) result (931× 102 au), whereas the MPn
values are strongly overestimated. Contrary to the case of the
quartet, the spin projection effect is shown to be negligible as
expected (Table 2). Moreover, higher order electron correlation
effects at the UCCSD and UCCSD(T) levels are necessary for
correcting the overshot UMPn and PUMPn values. The ROHF
and ROMP2 values are larger than their unrestricted (and
projected) analogues showing again the impact of the missing
electron correlation effects.

Although the UB3LYP method reproduces the UCCSD(T)
γ value of the doublet state, it overshoots theγ of the quartet
state by 36% while it significantly undershoots (by 76%) the
sextetγ value. For the quartet, the deficiency of the UB3LYP
method seems to originate in the self-interaction error associated
with the large CC bond lengths. Indeed, it was pointed out by
Mori-Sánchez et al.44 that approximate exchange-correlation
functionals incorrectly describe the polarizability of weakly
interacting molecules with a fractional charge.44 The alternation
between largeγ underestimation and largeγ overestimation for
different spin state, which is obtained when using DFT schemes
with usual exchange-correlation functionals, reminded the
authors of increasingly large oligomers and push-pull com-

Figure 3. γ density distributions of the total,R- andâ-electron contributions obtained at the UHF, UQCISD, and UB3LYP levels. The yellow and
blue meshes represent positive and negative isosurfaces with(20 au, respectively.

Figure 4. Spin density distributions for the doublet, quartet, and sextet states evaluated at the UHF, UQCISD, and UB3LYP levels. The yellow
and blue meshes representR- andâ-spin densities with an isosurface with 0.02 au, respectively
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pounds where the drawbacks of the exchange-correlation
functional have been related to their shortsightedness.45-47

Although more investigation is required, the origin of these
failures could be the same.

Figure 5 compares the UQCISD total,R- and â-electronγ
densities of the three spin states. In the quartet state (Figure
5d-f), the totalγ density contribution is composed of two large
and delocalized positiveπ-electron distributions as well as of
two smaller delocalized negativeσ-electron distributions. With
respect to the doublet (Figure 5a-c), these distributions are
enhanced at the level of the end CC bonds due to theâ-electron
contribution (70× 102 au), as well as in the outer region due
to the remarkable extension of theR-electronγ density (191×
102 au). However, when normalizing the contributions to the
number of R or â π-electrons, the relativeâ contribution
increases substantially when going from the doublet (39× 102

au per â π-electron) to the quartet (70× 102 au per â
π-electron), whereas for theR contribution the increase is
smaller: from 39× 102 au perR π-electron in the doublet to
48 × 102 au in the quartet. Such effective enhancements of the
R- andâ-electron contributions and their delocalized distribu-
tions in the quartet state can be explained by considering the
intermediateπ bond breaking nature of the outer CC bonds (R1

) 1.501 Å) of the quartet state, which is associated with larger
γ values.32

In contrast to the quartet state, in the sextet state (Figure 5g-
i, Table 1), theâ-electron contribution is so large (508× 102

au) that it dominatesγ (75%) and enhances the totalγ value
by 255% and 360% with respect to the quartet and doublet
states, respectively. TheR-electron contribution (170× 102 au)
is 11% smaller (45% larger) than in the quartet (doublet) state.
When normalizing the contributions to the number ofR
π-electrons, the sextetγ valuesobtained by considering 5

contributingπ-electronssis smaller than both the doublet (13%)
and quartet (28%) values. This reduction of the sextetR-electron
contribution follows the behavior of the second hyperpolariz-
ability in the H2 molecule upon elongating the bond length:
32,33 γ increases when stretching the bond from equilibrium
(weak correlation regime) to intermediate correlation regime
and then decreases when the bond length gets larger (strong
correlation regime). Of course, the analogy is not complete
because in the C5H7 radical case the CC bonds are similar to
single bonds and the unpaired electrons and sites are not
identical as in H2. Actually, theR π-electronγ density (Figure
5h) is particularly extended in the outer region as for the quartet
(Figure 5e) and contributes positively toγ. A small localized
π-electron feature with negative contributions is located in the
internal chain region and could originate in the strong correlation
among the 5R π-electrons (one on each C site) due to the Pauli
principle. Moreover,σ-electrons bring an additional negative
contribution in such a way that theR-electron contribution
slightly decreases when going from the quartet to the sextet.

In contrast, as seen from Figure 5i, theâ-electron contribution
is larger and positive for theσ-electrons while being smaller
and negative for theπ-electron. To elucidate the different
hyperpolarization effects in the sextet state, we investigated at
the UQCISD level the natural orbitals. Together with their
occupation numbers they are displayed in Figure 6. It is found
that in the sextet state the order of the lowestπ-orbital 16 and
the highestσ-orbital 17 is inverted with respect to the doublet
and quartet states in such a way that an unpairedR-electron
lies in the σ-orbital 17 instead of theπ-orbital 16, which is
doubly occupied. This feature is understood by the fact that the
σ-orbital 17 is composed of localized CCσ-bond distributions
with mutually opposite phase while theπ-orbital 16 has a
delocalized distribution over the entire chain region. As a result,

Figure 5. γ density distributions for the total,R- andâ-electron contributions of the doublet, quartet, and sextet states determined at the UQCISD
level. The yellow and blue meshes represent positive and negativeγ densities with isosurfaces with(20 au for doublet and quartet states and(40
au for sextet state.

Figure 6. Natural orbitals and their occupation numbers for the highest16-21 in sextet state at the UQCISD level. The yellow and blue meshes
represent positive and negative isosurfaces with(0.08 au, respectively.
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there are sixπ-electrons (fiveR and oneâ), as well as one
R-electron, and aâ-hole in aσ-orbital. This feature supports
the spin distribution of the sextet state at the UHF and UQCISD
levels, which presents a partialσ-symmetry character as shown
in Figure 4g,h. The presence of aâ-hole in theσ-symmetry
orbital 17 enables large field-dependent fluctuations of the
â-electron density and accounts for the substantialâ-electron
contribution toγ. On the other hand, the fluctuations of the
â-electron in the doubly occupiedπ-orbital16are small because
of the stable bonding nature of the orbital. Theγ contribution
of this π-electron of spinâ, which is shown in the middle three
C sites region, is negative as for those systems where low-energy
virtual excitation processes (type II) dominate the response.7,13

In analogy to refs 31 and 32, theR electrons belong to the strong
correlation regime due to the Pauli effects between the five
electrons of the same spin while theâ-electrons belong to the
intermediate correlation regime. At the UB3LYP level, the
σ-orbital of highest energy is below the five singly occupied
π-orbitals so that there is noâ-hole in theσ-symmetry orbital.
This is confirmed by the UB3LYP spin density of the sextet
(Figure 4i). The strongγ underestimation is therefore explained
by the remarkable decrease of theâ-electron contribution (314
au) due to the nonexistence ofâ σ-hole andâ π-electrons and
the smallerR-electron contribution (223× 102 au) than that
(337 × 102 au) in the quartet state at the UB3LYP level, the
feature of which is associated with the strong correlation regime
for the R π-electrons in the sextet state at the UB3LYP level.

4. Concluding Remarks

The spin multiplicity effects on the second hyperpolarizability
have been investigated for a small-size open-shell neutral
conjugated model, the C5H7 radical, in the doublet, quartet, and
sextet states. It turns out that the second hyperpolarizability
increases with the spin multiplicity, with a larger difference
between the quartet and the sextet than between the doublet
and the quartet. The increase from the doublet to the quartet is
mostly attributed to the enhanced contribution from the outer
R π-electron densities that result from the Pauli effect. On the
other hand, the substantialγ value of the sextet originates from
the presence of aâ-hole in a σ-symmetry orbital. These
variations inγ value have been related to the degree of bond
breaking and the electron correlation regime.31,32 In particular,
the intermediate correlation regime (quartet andâ-electrons of
the sextet) is associated with the largestγ value whereas for
the weak (doublet) and strong (R-electrons of the sextet)
correlation regimes, the third-order NLO responses are smaller.

For such systems, highly correlated methods (UCCSD,
UCCSD(T), and UQCISD) turn out to be necessary for a
qualitative and (semi)quantitative study. Nevertheless, for the
lower spin states, the spin-projected low-order UMPn methods,
e.g., PUMP2, and low-order restricted open-shell MPn treatment,
e.g., ROMP2, nicely reproduce the UCCSD(T) results. In
contrast, the UB3LYP method fails in determining both
quantitative and qualitative effects of the spin multiplicity on
γ.

Due to the large enhancement ofγ with spin multiplicity,
neutral open-shell conjugated systems appear therefore as
candidates for a new class of NLO systems, “spin-enhanced
NLO systems”. In addition, one can also speculate the possibility
of controllingγ by (externally) modulating the spin multiplicity.
Actually, lots of spin-controlling schemes have been proposed
in the field of molecular magnetism for open-shell compounds.48

Subsequently, these results also suggest the interest for studying
the NLO properties of such molecular magnetic systems.

However, since such systems involve changes of not only the
spin multiplicity but also the charge, the investigation of the
NLO properties of open-shell charged systems is now in
progress.
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