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Open-Shell Singlet Molecular Systems
Diradical / Diradicaloid (= Diradical-like):

Two weakly interacting electrons with similar energy
L. Salem, C. Rowland, Angew. Chem. Int. Ed. 11,92 (1972).

W. T. Borden (Ed.), Diradicals, Wiely, New York, 1982.

=> Molecules with two nearly degenerate bonding and anti-
bonding MOs

ex. H, molecule (with different bond lengths),
Twisted ethylene (with different twisted angles)

=> Recent development in synthesis realizes various types of
stable singlet diradicaloids/multi-radicaloids

ex. Diphenalenyl compounds, Transition metal compounds,

Polycyclic aromatic hydrocarbons (PAHs), etc.

C. Lambert, Angew. Chem. Int. Ed. 50, 1756 (2011).
Z. Sun, J. Wu, J. Mater. Chem. 22,4151 (2012).

Unique Properties of Open-Shell Singlet Molecular Systems

* Longer acenes possess a nonzero bandgap with a singlet open-
shell ground state followed by a triplet state a few kcal/mol
higher in energy.

M. Bendikov et al. J. Am. Chem. Soc. 126, 7416 (2004).

* High reactivity of the zigzag edges of the longer oligoacenes.
* High charge carrier mobilities in the solid state.

¢ Electronic states are characterized by “diradical character”.
K. Yamaguchi, T. Fueno, H. Fukutome, Chem. Phys. Lett. 22, 461 (1973); in, Self-Consistent Field:
Theory and Applications, R. Carbo et al. Eds.; Elsevier: Amsterdam, pp. 727 (1990).

» Excitation energies and properties are strongly correlated to the

diradcial character in the ground state.
M. Nakano et al. Phys. Rev. Lett. 99, 033001 (2007)

* Diradcial character control of optical properties, e.g., nonlinear
optical responses, optical absorption, singlet fission, etc.

M. Nakano et al., J. Phys. Chem. A 109, 885 (2005); J. Chem. Phys. 133, 154302 (2010);
T. Minami, M. Nakano, J. Phys. Chem. Lett. 3, 145 (2012).
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- PO SONILEEFLDRICBITANIEFRICETYIEDZELIMEX
» Singlet FissionRIREMH  INSEOSDHILEET 2 EINSHTIITDHILE

EFEHEICLD D FRETERERIC KL DIREE

Singlet Fission in Open-Shell Molecules
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Nonlinear optical (NLO) process

Incident Microscopic Macroscopic Output
electric field polarization polarization [>electric field
F; p P F,
NLO material

Frequency of F; # Frequency of F,
Macroscopic polarization P and microscopic polarization p
P =X(1)F+X(2)F2 +X(3)F3,,,
p=aF +BF>+yF -

2V, ¢, 3 linear, second-order and third order nonlinear susceptibilities
a, B,y polarizability, first hyperpolarizability, second hyperpolarizability

Fundamental factors for description and applications of NLO
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Nonlinear optical (NLO) polarization
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Nonlinear optical (NLO) effect
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Applications (Third-Order NLO; TPA)

3D microfabrication Optical limiting
F—3 hw
d\/V\/ Laser
K ho
BH.C ton et al., Nature
1990, 308. 53, 0 adVAVAY

Photodynamic

3D optical data therapy

__storage

3D fluorescence
microscopy B

S. Kawata et al., Chem.
Rev. 2000, 100, 1777.

L. Ventelon et al., Angew. Chem.
Int. Ed., 2001, 40, 2098. and new applications...
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Symmetry adapted MOs ... g(x)(bonding), u(x)(antibonding)
OO @3

g(x)= m[mA(X)HPB(X)] M(X)— m[‘pA(x) (pB(x)]
Localized natural orbitals (LNOs) ... a(x), b(x) (ab)=0

o- -0
) %[g(x)+ u()] = @ (x) )= %[g(x)— u(x)] = @y ()

Singlet spin-unrestricted (broken symmetry) MO ... x(x), n(x)
x(x)=cos(8/2)g(x)+sin(0/2)u(x), 1n(x) = cos(0/2)g(x)—sin(0/2)u(x)
x(x)=cos(w/2)a(x)+sin(w/2)b(x), n(x) = cos(w/2)b(x)+sin(w/2)a(x)

(i) Weak correlation limit (MO limit) at 6=0 (w=7/2): x=n=g
(ii)Strong correlation limit (VB limit) at = 7/2 (w=0): x=a, n=>b

UMOs can describe both weak and strong correlation limits (MO
and VB limits) as well as intermediate correlation regime.

Diradical character y

1 [x( 2 (0 X
UHF wavefunction  Wyu(X1) = \FX( : )f( :
2 72 o0 g
a, b : magnetic orbitals,
¢,(HOMO -1i), ¢,(LUMO + i) : symmetry adapted MOs

o0 0@

0 . 0 0 . 0 0 : mixing angle
=CoS—@, +sin—¢,, 1N=cos—¢, —sin—
@ ity M AT 0<O=<m/2

0, - .0 0.1 - 5 .20 s
W () = cos” ~W(1T)++/2sin—cos [~ (¥(21)- ¥(12))]-sin* ~¥(22
e (XT) 5 a1 = 2[\5( (21)-¥(12))] 5 (22)
Singlet HF Triplet Singlet double
Spin contamination excitation

The diradical character is defined by twice the weight of double
excitation configuration of CASCI(2,2) (~ spin-projected UHF (PUHF)).

2015/12/23
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Electronic structure of two-electron system

Two-dimensional coordinate for one-dimensional two-electron system

—(O-()— Homo
f f A B
A B
~O@— Lumo
A B
Ground state (HF) v,"
t
oy (D (2) a A B Covalent (or diradical)
o = |
EQ m A B
g <00 M
© S A
A B b Zwitterionic
o o
electron 1 A B

Nakano et al. J. Chem. Phys. 125,074113 (2006)

UHF wavefunction

Y e (M) = cos’ g'P(l D++2 singcosg[ I (PQR1)-¥(12))]-sin’ glp(zi)

Singlet HF Triplet (2 2 Zi(r;siatl:tti::uble
00 goe eee O L%
-O-O» O-@® OO oKX )

| |_| I
v v —
of. 5 - 60T
***** o0 °o -

Single excitation (triplet)

o—Cn

Singlet HF + double excitation

/ UHF

Broken Symmetry

UHF MO

Spin polarization < ) O—
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Variation in diradical character (y) for
the dissociation of H,

H-H H..H He eH Diradical character O0<y=<1
-27.0 1.0
' 5 o1
280 - Jos l 5
- o
2 . 1. & 7, :overlap between
5 -8 0 0
% 3 Xu-i = (COS*)(A{_[ + (Sini)‘pui
g -30.0 | 104 § 2 2
= —o— UHF total energy g and
—e— CISD total energy 0 )
8ok —diradical character | %2 Nuoi = (COSE)(PH—: - (Smg)(PLﬂ'
L
e s 20 25 00 35 40 ¢ :UNOs
Bond distance [A] . —n
T, = cosf = i~ MLsi
H o+ o+t | i
1~0.0 0<y<1 y~1.0 n :occupation number of UNO

(Yamaguchi et al. 1975)

Two-site model A'—B with two electrons in two orbitals:
Valence configuration interaction (VCI) approach

Symmetry adapted MOs ... g(x), u(x)
O;080;

Localized natural orbitals (LNOs) ... a(x), b(x) (a|b)=0
Oo- O

1 1
a(X)=ﬁ[g(X)+u(X)] b(X)=ﬁ[g(x)—u(X)]

Basis sets for M, = 0 (singlet and triplet) states

{‘a5>,‘bﬁ>,‘aﬁ>,‘b5>}, where |ab)(=|core ab)) , ...

CI matrix using LNOs
0 Kah tab lab U= Uaa - Uab
Kab 0 tab tab Kah E<a5‘l/r12‘bﬁ>20

z b tab U Kub

ai

t b tab Kab U

ai

ty =(alFlb) F:Fock operator

2015/12/23
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Electronic states of two-site model A'—B" (VCI)

Using localized natural orbitals (LNOQOs)

‘Szg>=—n(‘a5>+\b§>)+x(\aa>+‘b5>) K>n>0

g g LUHUT 160, . 4 -
2 ) covalent (diradical) ionic
Hs, 5, = (82| D 1(810) = V2R, Ran = 0frb) - (alrfa)
' = o o 1
E,=U-K w) = (ja@)-|bb))/N2 ionic K=5\‘“1+V“‘szl6t5’)
2 ne 2]
s, s, = —< e | D1 Slu> = ﬁnRBA @(Uﬁuhm:ﬁhwuznm;
B, =K, |T,.) = (jab)-|ba)) /2 covalent (diradical)
e U 1Sie) = (‘ b)+ ‘ba>)+1](aa ‘bb>) K>n>0
e 2 covalent(diradical) ionic

Effective exchange integral J of Heisenberg Hamiltonian H, =-2JS, ‘S,

U-U” +16t2,

2J='E,,-’E,, =2K , + 5

Two-site model A'—B with two electrons in two orbitals:
Molecular orbital configuration interaction (MOCI) approach

Using symmetry adapted MOs 15,,) =&|g2) +E|u)

2
Mg, 5 = _<S2g ‘El’,
1

S,u>=ﬁ(\gﬁ>+\u§>)

S,,)=2KkRy,

2
T Slu> = ﬁnRBA

lg

Hs, s, = _<

)= L () -Jo2)
1) =&[ 88) = um)

41|
E=k+n=—
m \/ U+\/U2 +1612, \/U2 +1612,
| 4
— + -
20\ u+ter, U +qfuT w16, WU S 622,

E=Kk-m=

2015/12/23
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Diradical characters of two-site model A'—B’

Diradical character (0= y <1)

yEZC2=1— 4tab —1_ 4rl =1_2\/(r1(_rj)(r1(_rj+1)
JUr e, ieler? 1+2(r, —7,)
Here
2J 2K ,
r, =" Ty = Uab =0), r= Uh =0) 7 =r1<+f(1—\/m)
rK

Forbidden region

0
Nakano et al. Phys. Rev. Lett. 99,033001 (2007)

Diradical characters of two-site model A'—B’

Diradical character (0= y <1)

yeagtogo Hal g 4 _ 1 2l =n) =r +1)
\/’[]2 +16t§b \/’1+16rtz 1+2(r1( _rj)

q = 1-y: Effective bond order

1.0
() L)

. ®e

> 08l

Qo

&

£ o6

<

(&)

= 04l

S

3

S o2l

5

003 170 100 1000 7000.0

lUt
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Relationships between transition properties and diradical character

Transition properties

» 2 Te =1, » 1-41-¢° Sz
(.usms,“) =Ry, =Ry, E
: 1+2(rK—rJ) 2 20 Sig
s, 5, )
PP T - _g =g’
L2 U e 2(ne-n)) 2 St
E
1 1 U 1 S S
ESluslgEElu_Elg=U(]_rl)=2{]_2r’( +1—q2) Ug, s, :
1 1 U
Esggslf E,,—E, =U[1+2(r,(—rj)]= o T,
-4
g=1-y : effective bond order Sig

Static second hyperpolarizability

4 2 2

. ) (s, s,)
y= J/II + VIII—Z -4 (M‘Slgslu )3 +4 (‘uS.gé... ztush. Sag
(Eslu Slg) (Eslu Slg) Esﬁg slg

Diradical Character Dependences of
Excitation Energies and Transition Properties
Increase of y (Ground-state diradical character)

First singlet excited state : Pure ionic
Second singlet excited state : Increase of ionic character
3.0
! r=0 (K, << U) E U
| \ Sag:S1g
25 |\
\\ \ Es, s, /U
20 |\ §/
v E /
o \ \. Slu*gl
% 1.5 h \/< ]
> = ~ < .\- e~.
1.0 | \:_‘ T
e TS (g s VIR,
0.5
(Us,, Slg) IR:,
0.0 L L

0.0 0.2 0.4 0.6 0.8 1.0
Diradical character y
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Relationships between second hyperpolarizability and diradical character

y 8¢* 4q°

(R;;A’/U3) (1+1/1— 2)2 1-27, +; 3 1-2r, +;27l |
! t g C-¢) AI-¢

Case r, =0 (K, << U) g=1-y: effectctive bond order

0.3
S~ Y2 Ry, 1U) Vo ~1-0.6414 = 0.3586
1 4 \( 4 173
/ \ )/max/(RBA U ) = 02025
(0]
>
E y=y" 4y

2

(s, ! 2 W5, )t s,)
(E;, s, ) (Es, s, ) Eg, s,

—

N 27N YU IR IUY)

0.8 1.0

0.0 0.2 0.4 0.6
Diradical character y

Keeping y constant, y"?/(R;,/U°) increases with 7k as a function of 1/(const-2r,)’.
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Diradical character on r,- r, plane

1_2\/ e =1 Mg =1 +1) |

y=

1+2(r, —1,))
1.0
/l /G/

/| y=0.4

. . 3 =0.5

08| Antiferromagnetic Ferromagnefi¢ /};:0.6

V=07

y=0.8

y=0.9

y 0.6 y=1.0

N
0.4
0.2
0.0
-0.7 0.7

(Anti)ferromagnetic interaction and second hyperpolarizability

% _ 4(rK—r,)2 . 4(1+rK—r,)(3rK—rJ)
(Rox/UY) [t+2(=r)T (=)' " [1+2=5)] (1)

Intermediate
singlet diradical

/

1.0

Conventional
closed-shell

2015/12/23
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Off-resonant open-shell NLO: Static y on r,- r, plane

r, <0 (singlet ground state) 7, > O (triplet ground state)
0 =

-~ - - Closed shell - - -,

I A: conventional systems :

n (ground state) y>0

~

Antiferromagnetic -

0.8

B: Singlet diradical

06 (ground state) y > 0

Vg

C: Singlet diradical
(excited state) y > 0

D: Singlet diradical
(ground/excited state)
SmallU y<0

0.4

0.2

Open shell
r,=2J/U, r,=2K,/U

y 4(rK —rj)2 . 4(l+rK —rj)(rK —rj)

(Rin/U*) [142(n =) (1=1,) [142(r )] (1-1,)
Nakano et al. Phys. Rev. Lett. 99,033001 (2007)

207 -06 -0. O i ) . 06 07

UNOCASCI(2,2)/6-31G* calculations for two
polycyclic diphenalenyl radicals, IDPL and as-IDPL

IDPL  as-IDPL

IDPL
r, -0.061  -0.001 O O
e 0.004  0.007
r 0.131  0.043 OO.O’QQ
y 0.537  0.830
as-IDPL

y(UNO)  0.770  0.923

y/(R*/U*)  0.158  0.028 OO OO
y (x10*aw) 399 55 O%‘O

y(x10*auw) 228 47

by UBHandHLYP

2015/12/23
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c DI FLZUOSTUHAILGF
n-H &%) h—
= EEHREOHIE = OSTHILEF O HIHE
s FI)05T7x>
- BREREER
JBEA. iE. BB FICKBUTDhILIESIE
- SEHHETREER elc.

DFOEFBE - A X-ERE, FEKE. TRDE
EDEIE

SSTHILEF D o RS D HIE
oL ZILIEEY

B
\HHH t] ) Phenalenyl
[ SONeS: ee group

) J ()
sl

rR{ )R <> rRL )R <> r( )R~ Singlet diradical

[ [

O

»

»
() 1) [
& K

T. Kubo et al., Angew. Chem. Int. Ed. 2005, 44, 6564.
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DIz FLZIILIEED

B
_ ) Phenalenyl

e group

<> r{ )~ Singlet diradical
!

T. Kubo et al., Angew. Chem. Int. Ed. 2005, 44, 6564.

— FEOIONIVELNEAR

Polycyclic diphenalenyl radicals: control of diradical character

PERO »=02620 =605 au. y=51x10°au.

Al-'omati?ity of Diradical character
middle rings

CHHD p s
Small Small

PDPL y=0.5833 a=T44au. y=1255x 10* au.

IDPL y=0.7461 a =896 a.u. y=2383x 10* au.

NDPL y=08317 a=1115au. 7=3803x 10° a.u.
00D

ADPL y=0.8821 a=1380 a.u. y=5935x 10 a.u.

085000080 v Large v Large

UBHandHLYP/6-31G*
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DIz FLZIILIEED

PDPL p=0.5833 vy=1255x 103 a.u.

5

IDPL y=0.7461 y=2383x 10° a.u.

Yellow: a spin
Blue: S spin

FELRREVHEATMIEND I FLZILROBTELS
Iso-surface with 0.01 a.u. (UBHandHLYP/6-31G*)

IIxFLILEEY:
FoESBRYADEFOERNEFE
— FRICSThILR Y = ‘;f ridr

PDPL y=0.5833 y=1255x10°a.u.

N

Second hyperpolarizability (y) density

PY2 y=0 y=194x10°a.u.

Third derivative of density with respect to F

——— BFRR ——

Field
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Spin state dependence of y
for intermediate diradical molecules

i

BPLA1

Singlet state y=1889 [x10%a.u.] y=0.518

@ 1
x_
3

Triplet state y= 687 [x 103 a.u.]

UBHandHLYP/6-31G*

IJxFLILEREL DD TR
EREETEHECLSTH

r

IDPL (y=0.77,y = 2284 x 10° a.u.) BPLE (y=0.65, y = 1568x103au)
Chem. Phys. Lett., 418, 142 (2006) J Phys. Chem. A111, 3633 (2007)
TDPL (v=0.77. v = 1375 x 10° a.u.) Zethrene (y = 0.63, y = 1442 108 a.u.)

ELS

J Phys. Chem. A, 111, 9102 (2007)

) Elﬁyjyﬁ m 4 I‘ ﬁ ? Computing Letters, 3, 333 (2007)J

PY2 (y= 00y 194 x 10% a.u.) BPRY (y=0.19,y= 360x103au)

I J. Phys. Chem. A 111, 3633 (2007

Chem. Phys. Lett., 418 142 (2006) s:

UBHandHLYP/6-31G*
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Graphene Nanoflakes

Graphene Nanoflakes (GNFs)

C. D. Simpson et al., Chem.—Eur.
] J(2002)

A. Konishi et al., JACS (2010)

R. Umeda et al., Org. Lett. (2009)

M. Fujita et al., JPSJ (1996), J. Hachmann et al., JCP (2007), D.-E. Jiang et al., JCP (2008)

Localized radical on the zigzag edges — Open-shell singlet
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Square GNFs (y,.,.,Y,,,,): Edge Dependence

Intermediate diradical (y = 0.510) Chem. Phys. Lett. 467, 120 (2008)

Zigzag

= Yooy, =1445x10% au.

'FEJ 4.2 Enhance y along the

< : spin polarization axis
v Yo = 3412x10%au.

Pure diradical (y = 0.989)
=40.54x10* a.u.

Yyyyy
Similar

=49.95x10% a.u.

YXXXX

Intermediate diradical character ~» Enhancement of y

Diradical Characters and y of HGNFs

Zigzag-edged HGNF

Closed-shell form Diradical form Tetraradical form

Armchair-edged HGNF

The relative contribution of each resonance form is
qualitatively predicted based on the Clar’s sextet rule,
where the most important resonance structure has the
most disjoint aromatic m-sextets, i.e., benzene-like
moieties.

Closed-shell form
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Diradical Characters and y of HGNFs

Y density distribution Chem. Phys. Lett. 477,355 (2009)

Armchair-edged-HGNF Zigzag-edged-HGNF

Yo=0.0 Yo=Yy, =0.410
Closed-shell Intermediate tetraradical
y=41.7 x 10 a.u. mm y=139 x 10% a.u.
x 3.3

Contour value = +500 a.u.

Experiments
based on our theoretical prediction

Measurement of two-photon absorption (TPA) of
diphenalenyl radicals (Kamada etal. Angew. Chem. Int. Ed., 2007)

3.04 ||1| | — 10000

254 / ’N” - 8000 ;‘;'
o 2.0 g
H « 76000 & Kubo et al.
= 1.5 @
2 4000 2 NDPL
< 104 OPA g

0.5 - 2000 g (t-BUz, Ph4)

0.0 T T T T r 0 >8000GM@ 1040nm

800 1000 1200 1400 1600 TPA+SA

Wavelength (nm)

One of the largest TPA cross section
in pure hydrocarbon systems !

c.f. TIPS-Pentacene (closed-shell) ~ 10 - 30 GM
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Experiment: two-photon absorption (TPA) spectrum

Closed-shell systems o @ : TPA cross section
compound TPA N, o [NM] o® [GM]
514 12
730 995
835 1940

M. Albota et al., Science vol 281 (1998)

IDPL
6 —
s a:R'=H
? R2 = tBu
4 —
@, b:R!=Ph
o 3 2=
10° GM R*=H
2 -
] 2) > 5450GM
0 P o s 1GM = 10-%°cm#sphoton-'molecule!
T T T T
900 1000 1100 1200 1300 1400 1500
ilnm ——9
e :IDPLa A :IDPLDb o,A:x 10 K. Kamada et al., Angew. Chem. Int. Ed. (2007).
M. Ishida et al. J. Am. Chem. Soc. 2011, 133, 15533 Y. Li et al. J. Am. Chem. Soc. 2012, 134, 14913
AR
N =

277 nonaromatic 26n aromatic

Reduction of Antiaromaticity Caused by meso-Carbonyl Groups

28n antiaromatic

HZ-TIPS

Z-TIPS
Hexaphyrins Closed-shell Singlet Open-shell Biradical
Zethrenes
Z.Zeng et al., J. Am. Chem. Soc. 2012, 134, 14513 Z. Zeng et al., J. Am. Chem. Soc. 2013, 135, 6363
Closed-shell Open-shell
? nPer-CN
‘ n= 1 2 3 4 5 6 CS: closed-shell

P SB: singlet biradical
s SB SB SB TB TB TB: triplet biradical

Tetracyano-oligo(N-annulated
Tetrabenzo-Chichibabin’s hydrocarobons perylene)quinodimethane
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Experiments

H. Kishida et al. This Solid Films 2010, 1028-2030

A
<

BDPI-2Y 48 =3.0x 10" esu
Comparable to those of m-conjugated polymer

Z.Sun et al., J. Am. Chem. Soc. 2012, 134, 14513

3 Sextets VS. 5 Sextets Arz{

M y=0309 Me y=0576

y: Biradical Character Index

Dibenzoheptazethrene isomers

K. Kamada et al. J. Am. Chem. Soc. 2013, 135, 232-241

Diradicaloid Closed-shell

:
- A 3 N Act
ar e A
ZE:: t]
o <
E [ y
— (. =1200 nm) _&_

Redox change control of diradical character

H. S. Quah et al., Nature Communications 2015, 6, 7954

Compound | 800nm | 1,200nm | 1,500 nm

- 0 O H
oo 0 O O
oz 1 O H
s 1 O H

¢ oo @ H
Resonance AnBP

Multi-photon harvesting MOFs

Anthracene Perylene
S

Multiradical Systems
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One-Dimensional GNFs:
Multiradical Effect on Size Dependence of y

Trigonal GNF u.mt One-dimensional GNF
(phenalenyl radical)

Multiradical character — Multiple diradical characters y,

Occupation number 0<n;<2

LUNO+i e 1y N4
LUNO
Yo Vi Y = Miunosi = 2~ Myono-i
HONO
HONO-i s M0N0 = 2 = 04

Theoret. Chem. Acc. 130, 711 (2011)

Size Dependences of Diradical Characters

Alternately-linked (AL) systems 1.0 N : Number of units

oy, 7y, - v,

0

0.8
SesercnccessRRTINNIN R e

~ 04

Intermediate multiradical
character

Non-alternately-linked (NAL) systems

Pure multiradical character

30



Size Dependences of Diradical Characters

Alternately-linked (AL) systems ChemPhysChem 12, 1697 (2011)
1
—— AL system
12000 |
(%{955{9&)%} T —— NAL system
— 10000 |
=
<
T 8000 |
Intermediate multiradical H’}i 6000 - X 34
character = 40001
2000 | /
Non-alternately-linked (NAL) systems 0 —
2 4 6 8 10

With increasing the number of units, AL
systems having intermediate open-
Pure multiradical character shell characters show more striking

enhancement of y than NAL systems.

One-Dimensional Open-Shell Aggregates

K. Nakasuji et al., JACS ~ R.Umeda et al., Org. Lett. T.Kubo etal., Org. Lett.
Phen‘{llenyl (1982) (2009) (2007)
radical

Several dicadicaloids have been synthesized

Phenalenyl radical is a good building block for open-shell molecular systems.

K. Yoneda, M. Nakano et al., Chem. Eur. J. 20, 11129 (2014).
N

.~ We investigate the variation of open-shell natures
and third-order NLO properties for phenalenyl
aggregates with several interplanar distances.

Open-shell nature Diradical character y
3" order NLO property Second hyperpolarizability
L V(5 Vo) )
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One-Dimensional Open-Shell Aggregates

K. Goto, T. Kubo et al., J. Am. Chem. Soc. 121, 1619 (1999)

Dimerize in crystal

Short intermolecular
distance d~ 3.2 A

Covalent-like strong
intermolecular interaction

Realistic one-dimensional multiradical GNF system

Intermolecular distance (d)
dependences of y; and y for dimer
¥ d ¥ d and tetramer models

One-Dimensional Open-Shell Aggregates

K. Goto, T. Kubo et al., J. Am. Chem. Soc. 121, 1619 (1999)

Dimerize in crystal

Short intermolecular
distance d~ 3.2 A

Covalent-like strong
intermolecular interaction

Realistic one-dimensional multiradical GNF system

Intermolecular distance (d)
dependences of y; and y for dimer
¥ d ¥ d and tetramer models

<

Recently, this type of crystal has been made ! K. Uchida et al. Chem. Asian J. 9, 1823 (2014)
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CHEMISTRY FULL PAPER

AN ASIAN JOURNAL R

DOI: 10.1002/asia.201402187

Dual Association Modes of the 2,5,8-Tris(pentafluorophenyl)phenalenyl
Radical

Kazuyuki Uchida,” Yasukazu Hirao,"”! Hiroyuki Kurata,™ Takashi Kubo,**!
Sayaka Hatano,"! and Katsuya Inoue'"

d=3.503 A

Figure 5. a,b) Two orthogonal views of the 1D chain of compound 1c.
¢) Packing diagram of compound e in the (100) (bc) plane. All of the
molecules were crystallographically equivalent and stacked along the
[100] direction (a axis).

Model Systems and Methodology

Phenalenyl dimer (open-shell singlet)  Coronene dimer (closed-shell)

Geometry Optimization : UB3LYP/6-31G* for monomer

Diradical character
LC-UBLYP (u=0.33)/6-31+G*
Second hyperpolarizability & )
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o Diradical character y,

One-Dimensional Open-Shell Aggregates

Chem. Eur. J. 20, 11129 (2014)

0.8

0.6+

=04l

0.2+

-

d[A]

0.0 S T
2.5 3.0 354045505560 6.5

Dirgldical model

A wide range variation of y,

y,y:LC-UBLYP/6-31G*

One-Dimensional Open-Shell Aggregates

o Diradical character y,

0.8

0.6+

=04l

0.2+

0.0 e
2.5 3.0 3540455055 6.0 6.5
d[A]

Y ex/ MONOMEr

Vo 2[104 2.0.]
=
(=3

0.0 o
2.5 3.0 3540455055 6.0 6.5
d[A]

Chem. Eur. J. 20, 11129 (2014)
Dimer

v

Monomer

d=3.0A, y,=0.299
Yieee = 2980 a.u. —> v,./2 = 9.30x10% a.u.
x 30

X

A wide range variation of y,

Intermediate y region
— Significant enhancement of y

y,y:LC-UBLYP/6-31G*
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Closed-Shell (Coronene) vs. Open-Shell (Phenalenyl)

Coronene Mongmer Dimer (d=3.0 A)
CC g 808
“O Coronene (closed-shell)

vy per monomer (y/2) : B
1.0 v=0.40 x 104 a.u. 7/2=0.52 x 10* a.u.

o.s INegligible d dependence <+ x0.75 <. %18
"S 05 ®&—e_o o o o —© . : & o
& §
= o3| Phenalenyl (open-shell)
0 35 ) 40 45 ° 3 ° RN %
dlAl y=10.30 x 104 a.u. y/2=9.35 x 10 a.u.

The y enhancement is not observed in the closed-shell aggregate.

One-Dimensional Open-Shell Aggregate: Tetramer model
o~ Chem.Eur.J.20,11129 (2014

d &% 4 d
Tetraradical model

Lo Diradical character (y,, y,) 50.0 Y/ IONOMET
-e— Tetramer
0.8 - .
4- Dimer
_ 06
= 0.4
0.2
0.0 1 L 1 0.0 L 1 L
2.5 3.0 3.5 4.0 4.5 2.5 3.0 3.5 4.0 4.5

d[A] d[A]

Intermediate tetraradical character &) Further enhancement of y
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[

Spin and Charge State Dependences

Stackine distance . Chem. Eur.J. 20, 11129 (2014
& ] Odd electron densities (Contour: 0.002 a.u.)

d=32A .
Neutral quintet
B S S G W

Pure tetraradical

Neutral singlet

“ % . PO WL v=296x10*au.
, % \ ‘ﬁ' ' Significant reduction
—y\——r—y\-_r Dﬁlcatlomc“ SInglet & T _‘\_ &

‘ ) 1, ¢
Mo i gg;z , \ Intermediate diradical
J1=0. N i sandwiched between

v=131 x 10* a.u. two holes
Intermediate Yo =0.597 )
tetraradical y,=0.012 y=1730 x 10* a.u.

Large enhancement

Asymmetric Open-Shell Systems
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Asymmetric Open-Shell Systems
J. Chem. Phys. 138, 244306 (2013)
Enhanced in the intermediate diradical character (y,) region

1o - Asymmetric
= zof T T 0.0 open-shell singlet
= [~ rp,=02 gives larger y
g 00pFer=04 amplitude than
8 g~ /h=06 symmetric open-
g S, =07 Increadl.in shell system
2 60 &
= Asymmetricity
_g 4.0 _—
3 i
$ 20
Asymmetric o0 ,
open-shell systems o. 0 0.4 A 1.0
o- o+ - O+ o6— ?‘E
Asymmetric Open-Shell Systems:
Giant Field Application Effect on y
J. Phys. Chem. Lett. 2, 1094 (2011)
o ¢ « p
10% -o—|DPL -=-PY2

IDPL (y,,=0.717)
y=1746 x 10%a.u. (F=0.0a.u.)
y=1.456 x 10%° a.u. (F=0.0077 a.u.)

x(5 x 10%)

10°

x(8x1

108

v [a.u.]

107

10°F
x 10 x1.8 F
105# T T e
0.0 1.0 2.0 3.0 40 5.0 6.0 7.0 8.0 PYZ (yF—0=0)
F[X10 a.u.] y=1.743 x 10° a.u. (F=0.0a.u.)

y=3.107 x 10° a.u. (F=0.0077 a.u.)
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Asymmetric Open-Shell Systems:

Donor-Acceptor Substitution Effect on y
J. Phys. Chem. Lett. 2, 1094 (2011)
Closed-Shell Open-Shell Singlet

Summary

* Diradical character y (= Bond weakness = Electron correlation)
is correlated with the excitation energies and properties.

* Open-shell singlet systems with intermediate diradical charcater
exhibit enhanced second hyperpolarizaibilities (y) as compared to
conventional closed-shell and pure diradical systems.

* Control of diradical character (in the ground state):
Relation to conventional chemical concepts and indices
- Edge shape, size, and architecture of graphene nanoflakes
- Quinoid (closed-shell) and benzenoid (open-shell) resonance structures
- Aromaticity, Multiple bond, Main group elements, ...

» Examples of diradical/multiradical
Diphenalenyl compounds, Geaphene nanoflakes,
Open-shell aggregates, etc.

These results demonstrate the high potential of open-shell
singlet molecular systems for third-order NLO applications.
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A New Types of Open-Shell Systems

* Asymmetric open-shell systems

Extraordinary enhancement of hyperpolarizabilities and reduction of
diradical character M. Nakano et al. J. Chem. Phys. 138, 244306 (2013)

— External field application — NLO switch

— Donor/acceptor substitution to open-shell symmetric systems
— Asymmetric fused-ring systems such as azulene-like molecules

* Open-shell aggregates — Open-shell NLO materials

— Equilibrium intermolecular distance = intermediate y; region
— Multi-radical character dependences
— Charge and spin-multiplicity dependences — Multifunctionality
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