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Introduction. The best selection of the solvent is an important challenge in the design of “Green
Chemistry” synthesis [1]. Since water is non-toxic, easily tractable due to its non-volatility, and a
chemically abundant substance, the stereoselective organic reactions in aqueous solutions is an
appropriate choice in terms of green chemistry. In this direction, the dehydration of polyalcohols are
one of the prototypical organic reactions taking place in water. This reaction is sensitive to
thermodynamic environments, such as the temperature and the pressure, as well as the acidity [2-4]. A
particular example of dehydration of polyalcohols is 2,5-hexanediol. Usually, this dehydration takes
place with strong acids, but the stereoselectivity can be lost in function of the acid used [3]. Recently,
high-temperature and high-pressure conditions with a mild acid have been reported to be highly
stereoselective [4]. These experimental findings suggest different reaction mechanisms, i.e. the
stereoselective SN, reaction via the concerted process between the creation of OC bond and the
breaking of CO bond, or the nonselective SN+ reaction via the carbocation intermediate on breaking
the CO bond first (Figure 1). The aim of the present work is to clarify the complete mechanism of the
2,5-hexanediol in acidic water from the theoretical view point and to understand the role of the water.
For this purpose, the free energy landscape of the reaction in water was obtained with ab initio Car-
Parrinello metadynamics simulation n

[6]. Here, ab initio string method [5] |SN> 'KJ_OH HK_}OHZ J (Q\
CH

and metadynamics simulation of a

cluster model was used to select and [SN o \» poal J 9
fie=sitls (O =, M,
the : . CHMH CHMH CHU

test appropriate reaction
. p.p P . Figure 1. Reaction mechanisms of 2,5-hexanediol
coordinates for this reaction.

Method. Metadynamics[6] is a general method to obtain the free energy landscape of complex
many-body systems along a set of reaction coordinates, called collective variables (CV). Based on the
Lagrangian expressed as

sy§+z 2 M(X (1 z:l 2 k(l (L S(X(t)]+v(t)[s]) (1)
o=1 o
one solves the coupled equations of motion between the system of interest and a dynamic variable
that travel within the space of CV's. The first term of the equation gives the Lagrangian of the system
( Ly, ). The second term is the kinetic energy of the CV’s. By setting large CV masses, the stiff

harmonic potential in the second term is able to drag the reaction coordinates of the system
adiabatically in accordance with the CV’s. A unique feature of metadynamics is the third term,
V(t,[s]) . This makes the CV’s move on the bias potential, i.e. the sum of Gaussian hills whose
centers are added along the history of its own trajectory. In this way, the metadynamics efficiently
explores the space of reaction coordinates until the bias potential completely fill the reactant well. The
bias potential thus obtained is approximately the negative sign of the free energy surface.

String method [5] is an efficient algorithm to find the minimum energy path (MEP, or intrinsic reaction
coordinate) that interconnects the reactant and the product. The path is described in terms of discrete
“images” along the path. From an initial guess, the images are optimized by iterating the two-step
procedure: A steepest descent optimization for all images (step 1) and the rearrangement to make all
neighboring images equidistant in mass weighted coordinates (step 2).

Results. Before running metadynamics simulations, the string method was used to obtain the MEP's
of the SNy and SN, mechanisms. There, we used a model system with 2,5-hexanediol, six water
molecules and an extra proton. The MEP was calculated with two different ab initio methods,
MP2/def2-SV(P) and PBE/def2-SV(P), using TURBOMOLE [7]. The results for the SN, are in Figure 2
and 3. The activation energies of the two mechanisms have a large difference, being the SN, more
favorable (SN2=39 kcal/mol, SN1=62 kcal/mol at PBE/def2-SV(P) level). However, the deprotonation




Figure 2. Structures obtained with string method for SN2 mechanism: reactive (a), TS (b), intermediate (c) and product (d).

mechanisms are similar: the protonated
product is meta-stable intermediate (point 50
in Figure 3). From the reactant to TS the
protonated intermediate is not observed
within this resolution. On the other hand, the
MEP gives an important information on the
necessary CV's for the reaction. First, the
main difference between SN and SN is the
dihedral angle of the outgoing alcohol. While
in SN, the reaction proceeds at ~90°, in SN,
it takes place at ~175°. Later, the protonation
and the change in the distance of the
alcohols and the reactive carbon are the
principal changes for the reaction (Figure 2).
For this reason, three CV's were selected in
the metadynamic: the difference in the OC
and CO distances, the proton coordination
number of the oxygen atom of the outgoing
alcohol and the dihedral angle. These were
checked with the model system in ab initio
metadynamics, using TURBOMOLE for the
potential energy (PBE/def2-SV(P)), which
resulted in a free energy barrier of 35
kcal/mol similar to the result of string
method.

Next, ab initio metadynamics has been carried out with CPMDI[6] at
523 K for a system composed of a hexandiol molecule, 70 water
molecules and a proton in a cubic box with the side length of 14.93 A,
to mimic the experiments performed in mild acidic solution at 523 K
and 20 MPa [4]. The calculation is based on PBE functional and the
ultrasoft pseudopotential with the plane wave cutoff of 25.0 Ryd. The
results show that the meta-stable protonated alcohol is formed before
the main reaction occurs at around 20 kcal/mol. Later the concerted
process occurs, forming the meta-stable protonated cyclic ether, in a
similar way as in the string method and the previous metadynamics
with the model system. The water environment is fundamental in the

bond breaking.
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TROOLEFEEDOEITH LT, Fl—Ofl#El SNV AE X H5ZE08 0035, —F, 4 2(b)I1X3EH
OB LT3 G FIEE AW TELNTZHE OV AD AT NV A ThD. ZZTIXAL OZEAkIC
IS, B ol AT MV LI CND N5, 2, BB OB LSRN A D
HIEIZES TEFEENELL, ZNCE- T, IHEGICLARFTHE IEO RN AL LI=Z LD
AR NVIZERAIL TS,

fié%%?x%ﬁi@“%ﬁﬁ%“(uujrbf_/\/l//’W)ﬁ%'JﬁI] PEREZ R AIE S 572, Maxwell-Schrodinger 522

BT A T, B AR BRSO RIS B M 21T o7, X 3@@)1E, kD 2%

@-E& IS LTZBRORE R THD. ZDO KD, SR DAL R BIERE I, AL = 1.5 nm Tl
#195%, AL = 1.0 nm Tk 80%, AL = 0.5 nm TIXIEIE 0%E720, AL A/ INSL72 DI HUilil HIRS FE
D LB T DM ARSI, SIS E OB ITE S O BN R L2 LICERL TRY,
ZOMEANIHE B OBRBEN L TEELZELEMMIC T 5. K32, FxrDF
% O CEREFLTZHIEL V20 B WK R S 2~ 9. 22 TIXAL = 05, 1.0, 1.5 nm o4 T
DIFEITRL T, 1ZIE 100%D HlEE E DSER IS TOD e RIS, O/ RIL, =EFIE
VTG LT VARSI HES DR IS TN ML 72284 R L TV,

[1] D. Meshulach and Y. Silberberg, Nature 396, 239 (1998).

[2] Y. Ohtsuki, H. Kono, and Y. Fujimura, J. Chem. Phys. 109, 9318 (1998).

[3] T. Takeuchi, S. Ohnuki, and T. Sako, Phys. Rev. A 91, 033401 (2015).

[4] T. Takeuchi, S. Ohnuki, and T. Sako, IEEE J. Quantum Electron. 50, 334 (2014).
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Development and application of linear response function
of bond-orders
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(7]
E‘%Eﬂﬂ/w’? U > Ror18)717F(QM/MM MD)EHRNIT K D SOSRHT | il - 5538 D 87 G
Wb FEO T D ERwRE L TCHESL L2251, QM/MM MD ORI b F RS AN E = Zaﬂl

@(Mi\ Rifi, H5WVITEAL L Vo EREDRZ T AN RET VOE T IAD, FEE
DBG LD ) T IVCET VA THEAT I HERARICR TR Th D, Lo LERHIZHEDE
EboTWD, T BJEHORRICEGE S £4 MD FHE THUD AL 11X 1 J7~100 15 LA
FEORT o TEPMEL I WRRHEREEED

—77. QM/MM MD FHHE DR 72 iR &2 lE T, \%’—(F'EJ)OD%E%%%@“ZD%T“’F“@ AbF S
RO E VI HFEOHREGFEET D, 70T ¢ 7 EEER[2]°F O % BB S i
(DFDRO%AE L HF 9 < Z conceptual DFT[3]23 %41 Cd 5, Conceptual DFT “Ci55 1 () DFFIE
£ & L T Fukui %;&%&Eﬁﬁﬁﬁ%é&%ﬁﬁﬁ?%%r Z Do DRIEMECREZ « KEF RIS
KT D ROE, BN 2R T D, T OFMOMROIEEDEDRD)D 12, 751D
FOBRFEICRE 92 X0 Eb\&.ﬁ"%ﬁo JHETHDH, ZHICK L& ITRIET. n‘?ﬂbﬁiﬁﬁéiﬁz
op(r)/Ov(r,) DEEZFESRBICEEIMZ HH T, LAY TORISREL 2V EL L0 )
FERELCX 2, AEIXZ O [FEREROBIBIGERE] L Z20IGRIZ W THRET 5,

(517
ESEE S e YN RCR ﬁ"%éﬂkiﬁ@% & LR DB BEEATHN DO IR A OEIEISE %X, Coulson &
Longuet-Higgins, Fukui 7 /L — 72 X o> THEM O o EFIERLO LV Tt STV 5 [4], Lo

LR oA DOMBHIRY | FH— Eﬁd'% LAV DFEG IR DRI B B D FENTIZ Z v E TYTho
TN e ho 710 T DR Fe 2 1T % RS IRENI KT D k%2 R BUER TE D ER L2 BAT - T2
[5] : BARMIIZIX, FEAWRENZES L CiX Mayer @n%‘/n\/kiﬁBz{ij:U Mayer-Salvador @ 7 7 3V —Ji
FHAE AU BY (612 M L, BB L CIR O ER THEEMF & consistent 12725
£ 972 LCAO B

X Atomic X
f 6BU dr = EOr{bitals 6B1]

6\/(1') £ 5V(§) (X:Mayer or Mayer—Salvador)\ (1)
RU. EERE Beko Py & CHMLBBEAGECRDICHE VT S50 2 DL R
LTW%, T 2E IR & L TlE Kohn-Sham(KS)-DFT Z 487 L, & IR DOBIEILE Y

¥ nFA OB [ov(r) E?JLT i KS #0l & Z OE T 3L ¥ — % V72 885 0 £ R & O



LTEO[S]. WHZ v 77 A GAMESS[TIZZDFHEE Y 2 — Va2 RBELFEEZIT-o TV D,

(2R
BEplE LT, REEFROD pKa DEBNROHFEHIZ L 0 HIF 5.

Hammett constant

0O 0.5; e
V4 ' s
X C, NN
0.0~ -
AN [ <*
§ Boy dv(H) . :
-05 :
(1 /57 e B AR OB & YK ORIY I A B 3 .
DRAHWRET 7 - AEBE 5 2 72 58) 10t

a4 a4 0Boy/dv(H)
-0.398 -0.396 -0.394 -0.392

2 B TR T B BRTR DR G W OBIGICE B
gy MEBOFREA

B 11237 B EER O SR OMIISE ORI 2 x4, X PNEHRIL, v nEEE 5
ZHH\|ATTZOKTIE OH D7 v FUACHEL TS, ZOEENCK LT, ke hBRLEE
FRIC ST i A U DI 5 0B 4y [Ov(H) & B3LYP/6-3114++G** TRHEL L, N A v sk
[8]& DFABIZ 7R L7z DK 2 Th 5 (Z DOFERIE, Mayer 5 G KB 3T 5 LCAO TEXDMRIEILE
BRSO FERER), DM 2 535, OB, /Ov(H) &4 v MEKORIC BUVRERIA & 5 T A T
b, NAy NEEIL, BRAREEDHEEHRS pKa kT D EHENEORWEIETHLEND,
OB /OV(H) b RIEEIZ ELEEE & 72 5> TN D L HEMI T & | F2B5% B3LYP/ 6-311++ G**I2 £ % pKa 7
B9 b EVWMEEH 25,

IHICHERFET, BEEZE5EXMAICEY . NA v FEER pKa O & KB REDORIEILE
B OB DIRFS N, KE K B2 (KRG DRAIZRT 55 A ITFEENIZIER D)0 JT
bb, ZOFRL, HERBOBICEREBDRISEBICET 2ERETOFRLTET H(ZOHE
e AVRXUNEDOT 1 N AR D RIZKE CREREEN R Z 2 FERET D),

Z OO FEHIRLFEMI OV TITY BRET S,

(%% k]
[1] A. Warshel, M. Karplus, J. Am. Chem. Soc. 94, 5612 (1972); A. Warshel, M. Levitt, J. Mol. Biol.
103, 227 (1976).
[2] Frontier Orbitals and Reaction Paths: Selected Papers of Kenichi Fukui K.Fukui and H.Fujimoto
eds. World Scientific(1997).
[3] P. Geerlings, F. D. Proft, W. Langenaeker, Chem. Rev. 103, 1793 (2003).
[4] C.A. Coulson, Proc. R. Soc. A 169, 413 (1939); C.A. Coulson,H.C. Longuet-Higgins, ibid. 191, 39
(1947); K. Fukui, K. Morokuma, T. Yonezawa, C. Nagata, Bull. Chem. Soc. Jpn. 33, 963 (1960).
[5] S. Yamanaka et al. Mol. Phys. 103, 336 (2015).
[6] I. Mayer, Chem. Phys. Lett 97, 270 (1983); 1. Mayer, P. Salvador,ibid. 383, 368 (2004).
[7] http://www.msg.ameslab.gov/gamess
[8] D.H. McDaniel and H.C. Brown, J. Org. Chem. 23, 420 (1958).
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Theoretical study on the open-shell nature, aromaticity and optical response
properties of extended indenofluorene systems

('Graduate School of Engineering Science, Osaka University, “Department of Chemical
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(F] i, AR OESRICT K o ThE & 22 Bk — B 2 FFOMi R o &0 FRPBLIED
HDOLRY | FIUTEO B —HIER OIS, W EORERFEMICIR 6D X D127
STEl, FexlZURTL Y., ERIERT (NLO) Mt —BEN AL E Oy TWPEIicER L
TR ZITV, BABMEDIRIE L 25 VT A NAT y & 25 OWEO BRI 5EFE B 27 AE
THIEERE L, BRI S BRI PE RIS S O R K OV s FE SV Iz Bk
7RISRy T ORREL 21T C&E (1], —H. AT ) 7NVF LV RITIIDORNERE 2O
DHEBRMNZHEIMER LI+ Th Y, ZOMEREEDOERPEAHE SN TND [2],
INH DT RITZDRAEEDIFENILY RNT AZ ZLTAN R TAZ L (PQM,
MQM., OQM) ‘B &I H T 2HiE & e, TRENORBRLEMENE 7 27 v
NEFFORUVEBVBROGFEIC L TRERT D2 Enn, EERREBICEOTHEEZ RS2
ENTRSITWT2b], T, HTAxIZZDOA T ) IAF VU RINIER L, OB,
FHEWENE, NLO MPEIZE L CHERANICHRGET L. 2 b OZEMB R FHICHBANFEEST 22 &
ZH O LB, EHICZ OO ZIRD D120, RFIETIEA T ) 7 F L
NI LT B 2 Fs oA T ) T VU PEIRIR ARG L Bk, AN, NLO ¢
OHBEBROMIA 21T > Z L2 BN L T 5,

(EBEmEtE] ROMERE T RBILYP LB Sz vy, FREBIEcE LT 6-311G* & VW TAT
o7z, B K& TV NLO #9113 LC-UBLYP (n = 0.33) JALEEE =MV, 6-31G*+p ((=0.0523)
HEIEICTHEE Lz, PLETXTOREIZIZ Gaussian 09 & U7z,

(BR8] SEBE LA T ) TAF L ALERORE % Figure 1 17T, ARIFZA T
TNF L DOHRRNBUVRET AR LTE DO THY . 22 TIEEMERE N TX
FZ & LT 5, Table 1 ITBRAMEKR Y NLO WHEICBIT 2T HEAEREZR~T, ETHROVT Y
INRFyIZEBTDHE, IR THDLN=5 (T 7 7NF L AZKHE) OEAITIZIEN
% (1y=0.074) THDH ., MERED EAT D20 TUTUHAVRTREARKL, N2 6LLE



DRI B O TIEH AR BIRE 2 FF D Z &L Do 72, IRITHF L~ d NLO I £ R
THE B %AW4Y@§%ﬁmﬂA%%R@T%Ot1T%éﬁﬂN WCERT DL,
HIFIZI T D HEHEIIAMEER B O > THEHARL TV —J, ZHELDLE R D LHEER
BN=6 TIRKEZLDZLNHPoTle, BFBIC, n BT 2 AFEFBRMEOBK mhﬁ&ﬁé
Sl 1 A BICBIT AREIERT v VD kRIe~ y T ERIFIEHERO N = 5 L B
5N:6®%émﬁbfﬁgm2~%¢o:mib\%m$%7ty%MﬂN:5fﬁﬁ§ﬁ
HERLTWD—FH, N=6 CIHFHFROBRHEE L R L TND, ZOFEFBEEDOEITHEN
FEON - BRI BRFRME DN UL 72> D Figure 3 (2779 IS |2 1) B 7 & U ERAL A Clar
DY I AT v N T HRBSEOFENENT 5 Z LA TE, LA T ) 7
LV R OREE RYERICBI T 2090 TR DAL R R & BRI 8T 5, K 0 FEM e fghT K Of
L DILHRRIZBIT DARERITY B HET 5,

Table 1. Diradical character y» and second
hyperpolarizabilities y..../N and the ratio of y*"#¢!/ y"P!

‘ for each system
X
1 "gmlb 4"7 N 5 6 7 8
N-4 y
v4

0.074  0.408  0.587  0.691
Vor/N[10%au]  5.68 137 214 305

singlet , _ triplet
Figure 1. Model structure Y /y 127 2.25 1.78 1.28

N=5 | . 1 N=6

Figure 2. Magnetic shielding tensor —o,, (1 A) map for N=5 and 6

OO0 —O A
IO — Q-0

Closed-shell structure Open-shell structure

Figure 3. Resonance structures for N =5

(&% k]
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Phys. 133, 154302 (2010); J. Chem. Phys. 138, 244306 (2013); Excitation Energies and Properties of
Open-Shell Singlet Molecules: Applications to a New Class of Molecules for Nonlinear Optics and

Singlet Fission, Springer, Heidelberg, 2014.

[2] D. T. Chase et al. Angew. Chem. Int. Ed. 2011, 50, 1127-1130. (b) A. Shimizu et al. Angew.
Chem. Int. Ed. 2013, 52, 6076-6079.
[3] K. Fukuda and M. Nakano in preparation.
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[F] iIBFEOERENOERIZED . A F-T A FEE L2 OLERICEMNIES
SEWMEIND LI leote, 74 HFBTAFBMBAEIIL, o F0IERET D odbAk[1]

TEAIZEB T 2 BBMEDIFER]| E WV o To, RFB-IRFBIESITIT R S I 72 VR
> TNDZENHLNTWD, LILARRG, 20X 9 REHEMN T OMiEor%
EICH-Z D8RI ONWTIIFRIZH L NI SR TR,

—J5, IR FE (NLO) HtEic oWV Tl < 2B E L OB R S T &
23], £TEFEOTFRLA OMFEND, R A X% b ORICEBWT, =K NLO ¥k
Th 55 oMy L —HIEBIFRNMEQ) E OIS, TR y (0<y< DZAHT DR
PR Ry = 0)°e 2GR (= 1) & il U CBEFIC R & ey A /R &0 ) FHREASHH & 2
272> 72[4], £ ZTARMIETIR, 714 F-T A FHG LA —RuHERIZONT, o
SfEG Dy EyDOH A REIFHEICOW TR HMEFHEEH O CTHAT 2 L2 BN &
T2

[GHEFEIRE L~ Roc R OREEX A X 117, & k1 RB3LYP/cc-pVDZ,

y ® B M X PUHF/cpVDZ . y ® B H 2 A R % %k &2 H v C

LC-UBLYP(u=0.33)/aug-cc-pVDZ L /L TIT 572, Co(N). Sio(N)DHEIEIZ DUV T

all-anti FLEE % . Co(N). Sinf(N)DREEIZ DUV T all-trans B &2 #a5t LTz, JBEARERIZ DUV
TUEMNHD 14 BonR e b SR E e EFR LT,

Hy H .
C SiHg Si ~ SiH;
HaC H3Si H,Si Si
N-1 N-1

C (N) Si (N) Si_(N)
X 1. BRES L7 — R R O



[#E5 F 14558 Dy, N DEEEARTTE % X 2 12 7R T Yaro/ N DAEIL N DOEE AN 23T, Co(N)
TIHINNFE ER B2 0 DIZxE LT, CuN). Sio(N). Sio(WV)TIFEEM L7z, Ziuix
HEEOMHRIZEZDHDEBX BN, — 7, HINZTIZ OV TIE Si(N)DY Co(N), Sig(N)
(2B LTI R E N ERDD D, NS5 OFEIRTIX Si(N)D D550 & FFEE D
B IMEZ R T OCxt LT (K 3), R IFHAZGY = 0)0THDHZ LD, Siy(N)TiEdk
FEOMEICMZ CTHMNRy Z2 L5 2 & DN OBERROFNEEZ BD,
F72. CaN) & Sig(MIZDWTIE, N<4 OFEETIX CoN) <Sig(N) THHMB N=5TK
/NEARRSWIEE D Z LD IR TIE CoN) D Sie(MICHD Z L el S5, v
FENZ LD < FEM 72 fRAT IS A 32,

500000 ‘ : 10
——C_(N) B
400000 - = C (V) : 08 . |
s
T 800000 S (VM) [ 06| |
3 ; .
S
1200000 - / |
= X
100000 - |
___-X' — 1’5
Omeloagansn===""
1 2 3 4 5 6 6
N N
X 2. y.....N DEHEARAFIE [ 3. Si(N)D y DEEEAL A
(ZE &k

[1] R. Miller et al., Chem. Rev. 1989, 89, 1359.

[2] S. Nagase, Bull. Chem. Soc. Jpn. 2014, 195, 167.

[3]J. L Brédas et al., Chem. Rev. 1994, 94, 243,

[4] (a) M. Nakano et al., J. Phys. Chem. A 2005, 109, 885; (b) M. Nakano et al., Phys. Rev.
Lett. 2007, 99, 033001; (c) M. Nakano et al., Chem. Phys. Lett. 2006, 418, 142; (d) M.
Nakano et al., J. Chem. Phys. 2013, 38, 244306; (e) M. Nakano et al., J. Phys. Chem. Lett.
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VT Vly b7 4wy va YSPHIE, HTEASRTICEWT, il X o TE U —EHEEIE 1(S)
BT L72 0 ETO o0 ZEHEARME (TT)~E DRI IBETH BH[1], ZOHRLITEMET ki
FRICBNTHOLNTWDZERE AR E R U<, KGEMOEEEREA M LS5 aErkEn
HDE LTSN, EFEBEAMMIHERITON TS, —FH, SFEREZT AL TWEIoTIEER
FELL R, BEAEDIIRICBWTT h oty BLOENLDOFEERNIH VSN
TWHONRBURTH Y | SFIEBFED IR HfF L TRAUSHO &5 50BN D b3 n R DIEK
WIRS BENTVD, AIFFETIE, MEBRRAKFZRICER L TR X —HEMOBLEI D SF RO
REtZATH 2 HBET 5, BRI, Fx DBLHINGIRB L TWD YT PHIVIKRA y, & AR
HEF & LT, Zaflix OEBIEOE I RCAEEEIC L 2R USRI > TEL S+,
WY g T RV X —WENEE 2 RO T AR L, & SF o0& LCTIRET 2,

SF R Z T BEREHO—2 L LT, I—HEARME 7O R LF—(E(S)2 Z20 = HEIHEH
FOTFLVX—QRET)ERUMNZENLID AN &) BT b5,

2E(T))—E(S;)~00r<0 (1)
WBEBA~OFNAEEZEZ DL, ZXNVFXF—aRAZ LR THEDIZZOTFAF—ET 0 IZTHNHD
WEMTH D, Fio, AR LE ZHO ZFHERME F B3 EHZE-FES L TEVDT 1L X —0 = HEIEhE
T(ET))ERDZ L& T2,

2E(T))—E(Ty) <0 ()
HMEE IND, URETOMRIZEBWT, (EFRHEEOH I 2R T 7 WV RF(0,,i=0,1,2, ...)
ZROWTERIEOMQ) EM =T 0+ N THH 2 2R LTE[2, 3], ¥ T Y HNAKHEF v, yi, ... 150
51 OMOEEZ &Y, 0 TIEERMH. 1 TEERMZRART, ZhZAVT, £H0)Q)IE. il
INSRT TNy &L ENKVIENNS 2T 8T T PNy HFFO S RICBW TR S 4
5T Lmm L, —J. MBRERAKBIIZHOFEREF D, LOMERRUKFE L TERRY TV
INAEERTZENRMENTEY SFHFE LTV T VHIVIAF yo. y) DaFFEAEFIZHESUN T, Scheme
LIRTEAT T 2 1 DA ETM T AREERH D L L TIRESN TS, L, O
IV F—HERLNZ DN T OFEMAREIT IR CTh > 72,

Scheme 1 [ZRTERAT 7 1 ROV DEHAR 2-X, 3-X (2T, 40 THE % spin-flip RFFE A5
FE LB Bk (BHHLYP/6-311G*) &2 AW Chgiifb L. 7 U AVIRT yo. y LA B 25 IR IR



Hartree-Fock 75 (PUHF/cc-pVDZ), it = % /L ¥ — % non-collinear spin-flip FF i & 17 % B 0L B8 B
(PBES50/cc-pVDZ)Z X 0 B L7z (Table 1), M b OfER, 136 KO 2-X 23 FHEE % & 5 Dokt
L C3-XIIVREFEIZ L > THrEBEPR LD Z &R
bhrole, £lo, O A L C-C-C5-Cy (CEHEID & =
180°) ILEHIEDJFU RN LY KE W 3-Cl DI A/ E
WERINMBREWVZ ERDoT, VI UHNVET
T1 AR BRE< 047 T, BEHRLEX ZEAT LI LTW
PTHNOr—ALP L, DL EDOMIL y=0.20-0.37 T
Holz, —F y I TR TTRTOy T TIEFIT/AE
<, 007LLFCTHoT-, £/, HOMO-LUMO gap B LW
BRI = R X =TT T P HIVIKF yo EFE L, hEW
Yo &5 1 Tl K & 72 HOMO-LUMO gap & Jihit = % /b
F—ES). EMN)EF>Z Enboiz, FrlT, E(T)IX
ESHIZE, D2 yo DZRIZRE L CIEF B2k
TORFRRONDR, TR EDOMERER L b —
T 512 #MEDIE L, 2-0, -FiIZBWTilzshd Z &
Wbl 1 IR R & 72 o T L TR E 2=
FILX—FE0.52 eV ZFOT20 WHBEH~OFIH OB
MOEEFAF—BARRECECSHEBDD EFZ | 1 es bisanthene (1) and  substituted
bNb, 72, 2-S BE O 3-ClLITT RV F—2E/NE721E  bisanthenes (2-X and 3-X). The definition of a
DI % T D ORWEM TIE D B3, SF % = Jarge  dihedralangle / C1-Cr-Cy-Cy is also shown.
PERDH D, BRIZIN DD FOEFREICHONT, 75F

FlaE 70 & & T2 X0 RE L WOARTRE SR & R,

Scheme 1. Molecular structures of model

Table 1. Dihedral angle, diradical character, HOMO-LUMO gap, singlet and triplet excitation energies and their differences

Dihedral angle Yo Vi HOMO-LUMO gap ES)) E(T)  2E(T)-ES)

Molecule [degree] [-] [-] [eV] [eV] [eV] [eV]

1 180 0.47 0.04 1.89 2.39 0.94 —0.52

2-0 180 037 0.03 2.35 2.80 1.36 —0.08

2-S 180 033 0.03 2.44 2.87 1.52 0.18
2-C;H, 180 0.20 0.07 3.02 3.42 221 0.99
3-F 160.5 0.40 0.04 2.13 2.52 1.26 0.00
3-Cl1 150.8 0.40 0.05 2.14 2.47 1.30 0.13

255 3CHK

[1]1 M. B. Smith, J. Michl Chem. Rev. 2010, 110, 6891.

[2] T. Minami and M. Nakano J. Phys. Chem. Lett. 2012, 3, 145.

[3] Yamaguchi, K. Self-Consistent Field: Theory and Applications; Carbo, R., Klobukowski, M., Eds.; Elsevier:
Amsterdam, The Netherands, 1990; p 727.
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Quantum control for molecular spin quantum computers:
Indirect implementation of multi-qubit quantum gates via hyperfine interactions
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Shigeaki Nakazawa, Elham Hosseini, Kenji Sugisaki, Koji Maruyama, Kazuo Toyota,
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[Fim] o, &1y bO v — VBN, &1 20 8o —Z &G ER AT
(QC/QIP)DHFE DFEIk CIEH #8EHTWDH, BBy NV a— ULfililld& rar Ba—
Z OFIEHENOBELRPFETH D, TNETHELAITETFEY FRELTHTFAE L RIZHEHR
L. UL RAEFAE IBESREMN AT L 7o & 1-HilfE o5t &2 D T & 72[1-7],

AW ATER IR AEEEAWG) ZFH L7z 7L A ESRIEICE 5 QC FEBr E LT, FEE
T OHFEROERR D FEEEL, HEROBAY 7747 METFEY hE2 1 ODOEFA
EUNRNZESEy NTHENICEFRIET 222 HMET 5, AFEIX1IEFAE 2R
EUROTFERY BIF, EFAEVEFE Y FOLE VLV ARNG TEEL T2 20EA Y
VEFEy NEOEFS— NEHENLTHV I ab—a VEREZITY, ZOEHIENCEIL
T, WERELESF AL REERT D0 FBERFE(LOBLENG, 2O00BAE V&1
v MNEOEA 7 — MBIV E e~ A 7 a i GRAPE 7LV R Z#8UEFHRIC K - THEERMITK
»7=, GRAPE &% GRadient Ascent Pulse Engineering D& ToH ¥ | Wi & /L R58E %
ZH L LToidiie SV ABEZ ATREIC T 0, B O 1 BF AL - 2BAE R+ L LT
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