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Theoretical study on the properties of TEMPO

and its derivates losing an electron
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2. School of Chemistry and Chemical Engineering, Sun Yat-Sen University, Guangzhou 510275, China)

Abstract: A theoretical study on the properties of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and its
derivates and each molecule losing an electron in vacuum and in acetonitrile were carried out using the
density functional theory (DFT) at the (U)B3LYP/6-31g(d,.p) level. The computational results show that
different substituents obviously influence the second highest occupied molecular orbitals and the lowest
unoccupied molecular orbitals, but the singly occupied molecular orbitals (SOMQO) are similar and keep

almost unchanged after each molecule losing an electron. Grouping the derivates by the linking atoms(O,
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N, C) of substituents shows the orderliness: in each group, with the reduction of electron withdrawing

ability, the difference of the spin densities on O1 and N2 decreases, while the positive charge population of

N2, the negative charge population of Ol, bond length of O1—N2 and the energy of SOMO increase.

After losing an electron O1—N2 shows obvious double bond properties and above half positive charge

increases on Ol and N2. Through the analysis of the open-circuit voltage (V) of dye-sensitized solar cells

using the derivates as redox mediator, it was found that the V¢ were in linear correlation with SOMO

levels and vertical ionization potentials.

Key words: 2.2, 6, 6-tetramethyl-1-piperidinyloxy ( TEMPOQO); density functional theory (DFT); losing

electron properties; electronic structure; frontier molecular orbital
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Fig. 1 Structure and serial number of TEMPO and its derivates
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Fig. 2 Stereo-structure of TEMPO-R (2) and (7)
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Tab.1 Bond lengths (A) and their changes of radical heads in CH;CN
TEMPO-R
(@8] (2) (3) 4) (5) 7 (8) 9) (10) an (12)

A* 1.2858 1.2859 1.2862 1.2865 1.2869 1.2853  1.2864 1.287 1 1.2870 1.2874 1.2862 1.2876

O1—N2 J5° 1.1959  1.1935 1.1934 1.1941 1.1948 1.1931 1.1943 1.1947 1.1948 1.1952 1.1942 1.1959
A —0.0899 —0.0924 —0.0928 —0.0924 —0.0921 —0.0922 —0.0921 —0.0924 —0.0922 —0.0922 —0.0920 —0.0917

B 1.5029  1.5045 1.5042 1.5042 1.5043 1.5041 1.5042 1.5033 1.5028 1.5036 1.5037 1.5032

N2—C3 J5 1.5367 1.5422 1.5412 1.5392 1.5380 1.5401 1.5375 1.5376 1.5359 1.5364 1.5373 1.5342
o 0.0338  0.0377 0.0370 0.0350 0.0337 0.0360 0.0333 0.0343 0.0331 0.0328 0.0336 0.0310

Bl 1.5434  1.5432  1.5436  1.5372 1.5437 1.5423  1.537 1 1.5436 1.5437 1.5438 1.5426 1.5434

C3—C6 J5  1.5496 1.5498 1.5498 1.5312 1.5514 1.5508 1.5306 1.5513 1.5507 1.5513 1.5516 1.5503
M2 0.0062  0.0066 0.0062 —0.0060 0.0077 0.0085 —0.0065 0.0077 0.0070 0.0075 0.0090  0.0069

B 1.5424  1.5427  1.5420 1.5415 1.5409 1.5440 1.5415 1.5413 1.5410 1.5405 1.5416 1.5417

C3—C4 J5  1.5479  1.5419  1.5414 1.5410 1.5411 1.5432 1.5435 1.5416 1.5428 1.5418 1.5405 1.5457
M 0.0055 —0.0008 —0.0006 —0.0005 0.0002 —0.0008 0.0020 0.0003 0.0018 0.0013 —0.0011 0.0040

A 1.5295  1.5195  1.5207 1.5268 1.5291 1.5194 1.5316 1.5339 1.5337 1.5293 1.5415 1.5327

C4—C5 J5  1.5276  1.5244 1.5245 1.5320 1.5343 1.5225 1.5354 1.5358 1.5358 1.5317 1.5409 1.5328
A —0.0019  0.0049 0.0038 0.0052 0.0052 0.0031 0.0038 0.0019 0.0021 0.0024 —0.0006 0.0001

GEY a KT b RBTE
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Tab. 2 Charge population sum of TEMPO- (except R from TEMPO-R)

TEMPO- (@D (2) 3 (Y] (5

(6) N (8 (€D 10 b (12)

LA 2 fl /a. u. —0.256 4 0.369 5

0.349 7 0.3271 0.278 0 0.2600 0.2090 0.1931 0.167 2 0.138 5

0.049 8 —0.0257
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Tab.3 Natural populations and their changes of N and O of radical heads before and after losing an electron in CH;CN

2K HL TR A SR LG A R/ e .
TEMPO-R

KL R B A SR /. u BEUEE /A

N2 01 N2 5 O1 Zfi N2 01 N2 5 01 2 R i AR B
e)) 0.027 1 —0.4725 —0.445 4 0.2925 —0.1527 0.139 8 0.5852
(2) 0.022 9 —0.459 2 —0.436 3 0.289 0 —0.137 4 0.151 6 0.587 9
(3) 0.023 4 —0.461 0 —0.437 6 0.283 0 —0.150 8 0.132 2 0.569 8
4 0.024 9 —0.463 9 —0.439 0 0.277 5 —0.160 8 0.116 7 0.555 7
(5) 0.026 4 —0.468 1 —0.441 7 0.292 4 —0.148 9 0.143 5 0.585 2
(6) 0.0215 —0.455 2 —0.433 7 0.288 8 —0.135 7 0.153 1 0.586 8
) 0.025 0 —0.463 6 —0.438 6 0.290 7 —0.142 6 0.148 1 0.586 7
(8 0.026 4 —0.466 8 —0.440 4 0.254 3 —0.193 7 0. 060 6 0.501 0
(9 0.027 0 —0.468 0 —0.441 0 0.292 6 —0.148 8 0.143 8 0.584 8
ao 0.028 0 —0.4711 —0.443 1 0.294 1 —0.1530 0.141 1 0.584 2
an 0.023 2 —0.459 1 —0.4359 0.289 6 —0.138 7 0.150 9 0.586 8
(12) 0.028 0 —0.471 6 —0.443 6 0.293 6 —0.153 4 0.140 2 0.583 8




% 5

%3] TEMPO #7 £ 4 % & T 45 W 04 B 2 383

ERLATGINAE T @ R e 0 AR b 53 Ah s YA
AR 3 B 3 3 JEL T R A7 2 L AT O JE X
P 3o i 280 S FRL A A 7 A ) R e R AR < g 2L DN B
B S W H BB 7 1 A, N2 1 1 R 47 A3 J 386
O1 Ay B e o7 A7 J 38 o {5 [ F 3 2% o 7 J5 1 H fof A
JEEA FRIBAT A, JERITT 2. 1.8 A H S
T, (5 (D, AD WL B A O1 1Y 5 i AR
JE AT G A R ECH 0. 980, 2 FR AT 1Y 2k
PR XA T — M BEUERA T O1 Y 7 Ha o A
S Z WAL A 52 , BRI R 68 O1 B £ He g A
B — A 2 U E A A B ) kST AR

gEAmMESTRETE Ol N2 #K2EH
i XCHERRAE 5 2% B 3k — 2 Y I H e 3G n 7E
TOH H AR BB AL, o8 TEMPO J =
A B 2 R B s B (B J2
CEEdiR

R
5
4
3 6;‘%‘.
N4 € ]{I
| |

4 HEHEXBEFIERTEE
Fig. 4 Diagrammatic sketch of TEMPO

and its derivates losing an electron
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Tab.4 Dipole moments of TEMPO
and its derivates in CH; CN

LI T B A B R /D

TEMPO-R

2K AL KT IR
[@D) 4.1115 1.155 5
(2 5.126 9 8.841 2
(3 3.336 8 13.893 1
4) 2.6919 5.438 8
(5 4.102 5 2.653 2
(6) 1.609 8 7.742°5
D) 1.632 1 9.7511
(8) 4.667 0 21.567 4
(9 3.3815 16.349 9
(10) 4.756 4 2.399 2
an 1.945 5 6.815 1
(12 4.105 6 0.9311
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Fig. 5 Stereograph of some frontier molecular orbitals occupied by a electrons of TEMPO

and its derivates before and after losing an electron
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Tab. 5 Spin densities of N2 and O1 of radical head

TEMPO-R N2 01 S {E 2l
D 0.480 0 0.483 9 0.963 9 0.003 9
(2) 0.469 5 0.493 0 0.962 5 0.0235
(3 0.470 7 0.491 9 0.962 6 0.021 2
4 0.473 1 0.490 0 0.963 1 0.016 9
&) 0.477 0 0.486 1 0.963 1 0.009 1
6) 0.467 0 0.495 6 0.962 6 0.028 6
(7 0.472 9 0.490 0 0.962 9 0.017 1
(8 0.473 9 0.488 3 0.962 2 0.014 4
(9 0.475 9 0.486 9 0.962 8 0.0110
ao 0.477 9 0.485 4 0.963 3 0.007 5
an 0.468 9 0.493 3 0.962 2 0.024 4
a2 0.479 3 0.483 8 0.963 1 0.004 5
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RCHE (1Pp) L B3PWOL 3148 77 ¥ 15 3 14 B8 %L
W 1Py (B3PWOD U 8N G2 78 B 25 b 5 2, Jif
VA TP I BRLH i o I T B R Esomo (FLZS) I
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Tab. 6 Vertical ionization potential, occupied molecular orbital level, the open-circuit voltage

TEMPO-R 1Pt /eV  IPv(B3LYP)/eV IPyv(B3PWIDU7 - /eV Esomo(CH3CN)/eV Esomo(EZ5)/eV  Voc8/V Voc (B /V

(D 7.3040.05 7.300/7.312 7.50
(2) 7.3040. 05 7.506/7.505 7.70
(3) 7.290/7. 280
(4 7.375/7.375
(5) 7.3040. 05 7.392/7.397 7. 40
(6) 7.768/7.768
) 7.2540.05 7.555/7. 548 7.70
(®) 7.034/7.043
(9 7.242/7. 244
(10) 7.2440.05 7.294/7. 289 7.53
an 7.733/7.737
12) 7.272/7.282

—5.200 1 —5.0015 0.78 0. 781
—5.428 7 —5.249 1
—5.366 1 —5.200 1
—5.336 2 —5.2055
—5.2600 —5.099 4 0.82 0. 825
—5.464 1 —5.488 5
—5.3552 —5.336 2 0. 86 0.861
—5.3117 —5.159 3
—5.279 0 —5.107 6
—5.202 8 —5.009 6
—5.4450 —5.458 6 0.79 0.793
—5.2055 —4.996 0

Esomo (CHy;CN) (B .eV). I 6 ATAFEF . D%
TAHMmIEBEEA 1Py (BILYP) GG R 7.0 ~
7.6eV. b 1Py (B3PWO1) 5555 (W) & 45 3 4 . iX
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TR A W35 5 5 B 1 AR 30
14 5 4 B 3 3% B2 JL - 1 AN [R) X 9 o 2R A7 o 4L )
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B FE W HL 7 RE 7 A IR 55+ Esomo (CHCND AR 3£
R T

Kato 2 H A 1243 F (1), (5), (1), (A FEH
T R Sk Gtk Bk K B R B Sl 1 3 T A S5 A S 6 s
M5 : Esomo (1) => Esomo (5) => Esouo (7) = Esouo (11)
LM I B HL R Ve BT J2 & Ve (1) <<V (11) <<
Ve (5) <Voe (D ABNTIN A Voo B KN Z AL ER
B3 K e R A TEMPO i AW Esomo Z 25 7€
R TEMPO K HATAEY Y Esowo BEAK . 75 # 1) 22 {H
SRR KL TR Ve iR, X — RS (D),
(5, (7) I R B0t A AR AR A 5 15 (1) 7 35 B0 1 2R A
2.4 FHH Esowo (1D AREH Ve (1D WK, Al AT
BT XT LG I A 2K R AT R AZ T — S/ B # e
(potential gap) B M BE AT T B MR (LR A H
AR s I R R S AR R . A
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(4 AR 25 1 7 SC ORI B Sk 2R 25 1 J5 403 5t 7
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3 Zig

K H DFT B35 7 TEMPO K HAT 4 Y75
B 5 G O B TR I B LA RS R e P B
LN | F BRSO R A R S b B
A LIRS B DUF 8598 . BOR R0 i 7 18 ) £ 232 50k
WE R A 4 B BT CED O NL C) By H F0rE Al 52 e vk
AEBRIL R A S 450, K At 5o TR B
{140 3 3 T 1 S ) A 0 2 U BOA 6 o o i)



386 T EAFHERKFFR

% 43 %

M) 2 30 1 B - g L P e BRI IR R T fiB D Y
BTG o 280 %) I L A SR 386 o A ) B R A A S 4
BT, O1-—N2 B K 521 0 %, Esowo (CH; CND A%
K AT EmaHE. AR sFREFE. Bl
() 1E B fap 48 B AR O 3 O1, N2 b i f At 35+
14 B E i e o B I TR A L, 2 T R AR AR
FEARAS BRI [ L5 AU e o 4 0l s IR
BB I W AN TR R R U 4 O [R) AT e 23 5 e
SOMO FH FI A, 255 % 1& Eow (CH:CND 5
1Py AT AR - i 186 P, b T I8 PP 1) ST 0 6 30 L O 8%
HLES Esoumo (CH;CND Il 1Py SEARGFAY LR 56 .

B P K F A M PSR AR B Ak It
HF & (HPCO).
£ 22 3L Hk (References)

[1] Numa R, Baron M, Kohen, R, et al
attenuates cocaine-induced death of PC12 cells through

Tempol

decreased oxidative damage[]]. European Journal of
Pharmacology, 2011, 650(1):157-162.

[ 2] Taguchi Y, Ishida Y, Tsuge S, et al.
change of a polymeric hindered amine light stabilizer in

UV-irradiation studied by
reactive thermal desorption-gas chromatography [ ] ].
Polymer Degradation and Stability, 2004, 83 (2):
221-227.

[3] Yadav ] S, Rao K V R, Ravindar K. et al. Total

( + )-bourgeanic  acid

Structural

polypropylene  during

synthesis  of utilizing
desymmetrization strategy [ J]. European Journal of
Organic Chemistry, 2011, 2011(1) :58-61.

[ 4 ] Pietrasik K, Kaim A. New

difunctional mediators based on 4-amino-TEMPO

Swiatkowska O,

derivatives for controlling free radical polymerization of
styrene[ J]. Polymer, 2010, 55:812-816.

[ 5] Dejanovic B, Noethig-Laslo V, Sentjurc M, et al. On
the surface properties of oleate micelles and oleic acid/
oleate vesicles studied by spin labeling[ J]. Chemistry
and Physics of Lipids, 2011, 164 .83-88.

[6] Yella A, Lee H W, Tsao H N, et al. Porphyrin-
sensitized solar cells with cobalt (II/III)-based redox
electrolyte exceed 12 percent efficiency [ J]. Science,
2011, 334(6056), 629-634.

[ 7] Zhang Z, Chen P, Murakami T N, et al. The 2,2,6,
6-tetramethyl-1-piperidinyloxy radical: An efficient,

iodine-free redox mediator for dye-sensitized solar cells

[J]. Advanced Functional Materials, 2008, 18 (2).

341-346.

[ 8 ] Kato F, Hayashi N, Murakami T, et al. Nitroxide
radicals for highly efficient redox mediation in dye-
sensitized solar cells [ J]. Chemistry Letters, 2010,
39(5) :464-465.

[ 9] LiJing, Sun Mingxuan, Zhang Xiaoyan, et al. Counter

[J]. Acta
Physico-chimica Sinica. 2011, 27(10):2 255-2 268.
ARG PNUIEE SRR HE L 55, JUORHEAL K PR g H T X
WlI]. W3 fhfi 4, 2011, 27(10): 2 255-2 268,

[10] Qu J, Morita R, Satoh M, et al

properties of DNA complexes containing 2, 2, 6, 6-

electrodes for dye-sensitized solar cells

Synthesis and

Tetramethyl-1-piperidinoxy ( TEMPO ) moieties as
organic radical battery materials [ J ]. Chemistry-A
European Journal, 2008, 14(11):3 250-3 259.

[11] Mao S C, Qu J Q. Zheng K C. Theoretical study on
electronic gain-and-loss properties of TEMPO and its
derivates in charge/discharge processes[ J]. Chinese
Journal of Chemical physics, 2012, 25(2):161-168.

[127] Natsuru C, Hiroshi Y, Kenichi O, et al. TEMPO-
substituted polyacrylamide for an aqueous electrolyte-
typed and organic-based rechargeable device [ ] J.
Science China-Chemistry, 2012, 55(5) :822-829.

[13] Andreu R, Carin J, Orduma ]. Electronic absorption
spectra of closed and open-shell tetrathiafulvalenes:
The first time-dependent density-functional study [J].
Tetrahedron, 2001, 57(37). 7 883-7 892.

[14] van Duijnen P T, Greene S N, Richards N G J. Time-
dependent density functional theory/discrete reaction
field spectra of open shell systems: The visual
spectrum of [ Felll (PyPepS); ]
[J]. The Journal of Chemical Physics, 2007, 127(4):
9 609-9 616.

[15] Frisch M J, Trucks G W, Schlegel H B, et al.
Gaussian 03, revision D. 01 [ CP]. Wallingford, CT:
Gaussian, Inc. , 2004.

[16] Lide D R. CRC Handbook of Chemistry and Physics
[M]. 83rd ed. London: CRC Press, 2002;: 9-35.
[17] Novak I, Kovac B. Photoelectron spectroscopy of free
4-Methyl-sulfonyloxy-TEMPO L J 1

Spectrochimica Acta Part A, 2005, 62:915-917.
[18] Kasumov V T, Ucar I, Bulut A, et al. Synthesis,

crystal

in aqueous solution

radicals;

magnetic

N-TEMPO-3, 5-di-tert-
butylsalicylaldimine radical[J]. Solid State Sciences,
2011, 13(10):1 852-1 857.

[19] Novak I, Harrison L J, Kovac B, et al. Electronic

Nitroxides[]J]. Journal

of Organic Chemistry. 2004, 69(22): 7 628-7 634.

structure  and  intermolecular

interactions of a new

structure of persistent radicals:



