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1. Materials and Instrumentation

1.1 Materials

N, N, N', N'-Tetramethyl-1, 4-phenylenediamine was purchased from Energy Chemical. 1-
Hydroxy-2, 2, 6, 6-tetramethylpiperidine was purchased from 3A Chemicals. Purification by
sublimation at room temperature to a cold finger cooled with dry ice/acetone gave orange
crystalline TEMPO-H.! Tetrabutylammonium hexafluorophosphate (TBAPFs) was purchased from
J&K, and recrystallized from anhydrous EtOH.2 And commercial solvents were used in this work
were used as received and further purified by the standard methods, if necessary. Distilled water

was further purified using a Milli-Q Ultrapure water purification system.
1.2 Instrumentation

UV-Vis measurements were recorded by Agilent Cary 8454 spectrometer. Electrochemical
experiments were performed on a CHI-660E electrochemical workstation. UV-vis stopped-flow
kinetic measurements of the reaction between TMPDA** and TEMPOH were examined using a Hi-
Tech Scientific SF-51 stopped-flow set-up equipped with a halogen light source, a monochromator,
a 0.2 cm quartz cell and a photomultiplier detector connected to an oscilloscope. To determine the
kinetic isotope effects, MeCN solutions of TEMPOH were prepared with 0.72 mM CDs0D and the
kinetics performed otherwise as above. The large molar excess of CD30D provided high isotopic

enrichment at the exchangeable OH positions.

2. Synthesis and characterisation of N, N, N’, N’-Tetramethyl-p-phenylenediamine
radical cation perchlorate (TMPDA**ClO4)

H,0/MeOH
> S)
+ Br, + NaClO >
z ¢ “0cC @ clo,
PN /N\

N,N,N’,N’-Tetramethyl-p-phenylenediamine radical cation perchlorate (TMPDA**ClOs) was
prepared according to the reported procedure.® 0.5 g of tetramethyl-p-phenylenediamine
hydrochloride was dissolved in a solution of 8.75 mL of water/ 15 mL of methanol containing 6.25
g of sodium perchlorate. It was cooled to —10°C; 15.88 mL of 51 puL aqueous bromine solution was
added drop wise. The crystals were filtered, washed several times with small portions of ice-cold
methanol, then abundantly with dry ether; yield 3.4 g. The crystals have a brown metallic luster.
Very thin needles, observed under the polarizing microscope when the long axis is parallel to blue;
when perpendicular to the vector they are indigo blue. The solutions show the characteristic bands
of the Wurster's blue free radical. The crystals are not hygroscopic and did not change in any of
their observed properties over months. And the EPR spectra was similar with the reference.*
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Figure S1. ESR spectra of TMPDA** recorded in acetonitrile solution at 25 °C.

3. Synthesis and characterization of TEMPOD
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Anhydrous TEMPOD was synthesized by stirring purified TEMPOH with CHsO0D for 1h then
removing volatiles under vacuum. And repeated the process for three times. The *H NMR should
the chemical shift at 5.21 ppm was disappeared.
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Figure S2. The 'H NMR of TEMPOD in CD3CN.
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4. The electrochemical behavior of TMPDA**

The CV of TMPD radical cation was measured in 0.1 M TBAPFs acetonitrile solution. The
working electrode was used GC. Pt wire was used as counter electrode, and Ag/AgNO; was used

as reference electrode.
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Figure S3. The Cyclic voltalmmetry (CV) and Differential pulse polarograms (DPV) of TMPDA®* in
acetonitrile. The reversible peaks are at potential £,=-0.26, 0.35 V (vs. Fc*/9), E.=-0.32,0.27 V (vs. Fc*/°).
DPV of TMPDA"* (Blue line) showed the peaks at potential -0.30, 0.29 V (vs. Fc*/9).

5. The UV-vis spectra of TMPDA**
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Figure S4. The UV-vis spectra of TMPDA®* in acetonitrile.
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6. The kinetic analysis

The possible reaction between TMPDA®* and TEMPOH is anylyzed as the follows:

~Na ~H_
N H\o N@
i ky
+ N . ,
k. N
PLN N o
H
~Nd- ~Na
[ ky
+ N - " H
@®N
OH
NI N

The rate equation for the proposed mechanism is derived from the rate limiting step being
the bimolecular reaction between TMPDA** and TEMPOH.

+
% = —k,[TEMPOH]|[TMPD *] + k_,[TEMPO |[TMPDH*]  (S1)
+
% = —k_,[TEMPO'][TMPDH"] — k,[TEMPOH][TMPDH*] +
k,[TEMPOH][TMPD*] =0 (S2)
+1 _  k,[TEMPOH][TMPD'*]

[TMPDH™] = k_3[TEMPO]+k,[TEMPOH] (53)
d[TMPD™*] k_,k,[TEMPOH]|[TMPD *|[TEMPO']
———— = —k,[TEMPOH][TMPD*

dt 2l Il I+ k_,[TEMPO'] + k,[TEMPOH]
d[TMPD*] _  kzky[TEMPOH|*[TMPD*] (s4)
dt " k_2[TEMPO]+k,[TEMPOH]
ko k,[TEMPOH)?
kobs = L (s5)

k_»[TEMPO'|+k,[TEMPOH]

If the ko[TEMPO®]<<k,[TEMPOH], so the

Kops = ky[TEMPOH)]

Pseudo first order rate constants kops Were extracted using a global fit the absorption at 563
nm over time using Igor Pro analysis software. The observed rate constants (kobs) at individual
concentrations or temperatures are reported on Table S1, S2 and plotted in Figures 2, S5 and S6.
Second order rate constants were extracted as described in the text. KIE measurements were
performed with TEMPOD in MeCN.
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Table S1 Observed pseudo-first order rate constants for TMPDA®* with TEMPO-H(D) in MeCN

at 298 K

[TEMPOD] ™ Vi SpP [TEMPOH] Vot V4 Sp*
1.78x107 9.5x10°  2.45x10*  1.54x107 3.11x10%  6.94x10*
2.03x107 1.06x10%  3.09x10*  1.76x107 4.18x10?  1.31x10°
2.27x107 1.28x10%  2.05x10*  2.05x107 6.20x102  1.55x10°
2.51x107 1.60x10%  1.25x10*  2.33x107 7.48x107  6.68x10™
2.78x107 1.73x10%  1.25x10*  2.54x107 9.12x102  1.11x10°
[a] ., 6] g1

Table S2 Observed pseudo-first order rate constants for TMPDA®** with TEMPO-H(D) in MeCN at

different temperatures

T [a] kobsH [b] SDH kZH [c] kobsD [b] SDD kZD [c]
293 0.0585 3.55x1073 2.29 0.92x10 2 8.34x10* 0.372
298 0.113 2.57x1073 4.40 1.56x1072 3.27x10* 0.630
303 0.155 3.03x10°3 6.05 1.80%x1072 1.18x103 0.727
308 0.202 4.51x1073 7.92 2.22x102 4.97x10* 0.897
313 0.262 6.86x1073 10.3 2.82x102 5.73x10* 1.14
318 0.327 3.35x1073 12.8 3.60x102 5.72x10* 1.46
[a] K; [b] 5-1'- [c] M-ls-l
o
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Figure S5. Kinetic trace of the TMPDA™ (0.1 mM) absorption at 563 nm over time in the
presence of 51.1 mM TEMPOH at 298 K in MeCN. The blue line is a fit to a single exponential.
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7. The Eyring equation anaglysis
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Figure S6. Plots of k; versus T for the reactions of TMPDA®* with TEMPOH (Blue points) and TEMPOD

* * *
(Red points). Fits are to the Eyring equation: ln% =— ARLT + lnkTB + A%. The slope — ARLT of the Eyring

=
plot was used in the equation below to calculate AH*; The intercept lnkTB + A% of the Eyring plot was

used in the equation below to calculate AS*.

8. The DFT Calculation

8.1 Computational Methods

All calculations were carried out with the Gaussian 09 software package®. Geometry
optimizations were conducted under the wB97X-D® 7/def2-SVP? level of theory. Frequency
calculations were carried out at the same level of theory as the geometry optimization to obtain
the Gibbs free energy corrections and to identify all the stationary points as minima (no imaginary
frequency) or transition states (one imaginary frequency). Single-point electronic energies were
computed under the wB97X-D/def2-TZVP’ level of theory. The Gibbs free energies at the higher
level were calculated from the single-point electronic energies and the corresponding zero-point
vibrational energies obtained from the frequency calculation. The solvation effect of acetonitrile
was taken into consideration by using SMD continuum solvation model® in all the geometry
optimization, frequency calculations and single point calculations.

To calculated the pK, value of [TMPDAH']?*is -24. The calculation was performed as below

and experimental pK; value of TMPDAH* 13.98'° was used.:
TMPDAH* — TMPDA + H*, pK, = 13.98
[TMPDAH ‘]2* - TMPDA'* + H*, pK,
[TMPDAH ‘]2* + TMPDA — TMPDA"* + TMPDAH™, AG = —RTInK, K = 101398-Pka
11a

The correction factor Qi is calculated using the following formula®?, in which v* is imaginary

frequency of TS (H: -1941.41 cm™, D: -1778.92 cm?), h is Planck constant, k is Boltzmann constant,
Tis 298.15 K.
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8.2 Cartesian Coordinates

*2
InQ; = u_+
£ 24

kH> _
kp B

tunneling

TMPDA*™, charge: 1, spin multiplicity: 2.

c

C
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The tunnel corrected KIE is obtained by the following formula®®:

(

(Qt_ﬂ> (’LH)
Qf,D kp no tunneling

1.21975800

0.00000200

-1.21975400

-1.21975400

0.00000200

1.21975900

2.17959600

-2.17959300

-2.17959200

2.17959700

0.00000000

0.00000000

1.25308000

1.84878000

1.03744700

1.84888500

-1.25308400

-1.84891000

-1.84876000

-1.03745600

-1.25308400

-1.84893500

-1.03745800
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-0.00009800

-0.00004300

0.00006000

0.00009800

0.00002800

-0.00006500

-0.00016200

0.00011700

0.00017300

-0.00009100

0.00005500

-0.00007700
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-0.00015200
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-0.00001300
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0.00044400



3.29220100

3.51955400

3.29217900

3.29250500

4.59219400

-1.84873600

1.25308000

1.84880900

1.84885600
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TMPDAH®, charge: 1, spin multiplicity: 1.

C

c

0.63513600
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-1.35572400
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1.36840100

-1.05300700

-1.32996700

2.81283600

-3.02085000

-2.82749500
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4.54329700

3.19625400

3.19579500

3.61842500

3.43342100

3.43486100
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-3.45559700

-4.53170800

-1.14543400

0.01432300

1.27109300

1.35622000

0.19935600

-1.05199900

-2.13800800

2.19769500

2.34483800

-1.97473900

-0.07714500

1.32335500

0.31648300

-1.37379700

-1.23972200

-1.96371000

-1.96494600

1.12544500

1.74439500

1.74302200

0.85442000
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-0.01962400
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-0.89687400
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-0.00003100
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TEMPOH, charge: 0, spin multiplicity:

c

c

-3.29143000

-2.98587600

-3.45562000

-4.53172300

-2.98588400

-3.29150300

0.00000100

1.24547800
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-1.28454300

-1.24547600

1.27784900

2.15983000

0.00000100

0.00000200

-1.27784700

-2.15982700

0.00000000

2.38016200

3.34751700

2.50024200

2.13044600

1.61357700

1.42867600

2.67571700

1.02573000

-2.38016300

-2.50024200

-1.31449200

0.24004800

-0.23219600

-0.02014100

0.23905300

-1.31507900

2.15883100

1.42123800

-0.05006300
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1.42123900
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1.91945300

2.25339200

3.18765000
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-0.26324600

-1.81035200
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TEMPO, charge: 0, spin multiplicity: 2.

C

C
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-2.13044700

-1.61357700

-2.67571700

-1.42867700

-1.02572900

-0.00000200

-0.00000400

0.00000000

1.24086000

1.31649200

-1.31649200

-1.24086000

1.24776300

2.15935000

0.00000000

-0.00000100

-1.24776400

-2.15935000

0.00000000

2.33944700

3.31347000

2.45886000

2.02254700

1.71538100

1.60576800

2.76517000

1.10014000

-0.26324500

-0.78985200

-0.17013800

0.06116400

-1.19675500

0.51314400

-2.01533100

-2.50793300

2.12014200

1.38366400

-0.07272300

-0.07272300

1.38366300

1.39089700

1.89931300

2.20884400

3.14992600

1.39089700

1.89931300

-0.74447400

-0.83694700

-0.32737700

-1.86560300

-0.87945200

-0.15442300

-1.18908400

0.14861400

0.49483800

S11

-0.70062800

-1.89506600

1.46786800

1.64101700

1.81304500

2.09390900

-0.01084900

-0.83713800

-0.02198000

-0.50463400

-0.02256100

-0.02256100

-0.50463400

-1.60785100

-0.18301700

1.07669000

-0.41026700

-1.60785100

-0.18301600

-0.20957500

-0.86500500

-0.81683400

-0.50321100

-1.91765600

1.45888100

1.81377200

1.58867100

2.09727100



-2.33944800

-2.45886000

-3.31347000

-2.02254700
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-2.76517000

-1.60576700
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TS, charge: 1, spin multiplicity: 2.
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-2.15304700

-3.51899900

-2.55197000

-1.10739000

-2.08505900

-0.49070600
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3.74483000
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-0.12793700
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0.38109800
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1.41515200
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-0.77891300
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TMPDA, charge: 0, spin multiplicity: 1.

C

c
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-0.06730100

-1.10987900

-0.24013200

0.53010500

-1.22510500

4.31394400

-2.29622700

-3.11817200

-1.61556700

-2.72314700

-2.12967500

-2.38507700

-1.40502300

-3.04279200

0.69535000

1.43972500

0.69563100

-0.69563100

-1.43972500

-0.69535000

1.20005900

1.19941600

-1.19941600

-1.20005900

-2.83163800

2.83163800

3.53459200

3.27476400

4.61570700

3.33772600

3.53051100

3.31925900

3.28147900

S14

1.26534600

-1.57710200

-1.45270800

-2.34173700

-1.95687000

0.87387400

1.66725500

1.27968100

0.61975800

-1.19601700

-0.00196900

1.19173200

1.19173200

-0.00196900

-1.19601700

-2.16205900

2.15814500

2.15814500

-2.16205900

-0.00388500

-0.00388500

1.24145000

1.95605700

1.06466100

1.73934000

-1.23511400

-1.99646000

-1.67859200



-0.21991900

0.13856600

-0.66044600

0.06730100

1.10987900

0.24013200

-0.53010500

1.22510500

0.21991900

4.61297900

-3.53459200

-3.27476400

-4.61570700

-3.33772600

-3.53051100

-3.31925900

-3.28147900

-4.61297900

TEMPOH**, charge: 1, spin multiplicity: 2.

C

c

-0.02546000

1.22524300

1.33310800

-1.34557900

-1.26497700

1.24084200

2.13691100

-0.02043000

-0.03633300

-1.29490100

-2.18255900

0.00013900

2.35448500

3.29502600

2.61863700

2.03311700

1.70510100

1.62605700

2.74922000

2.13937200

1.40714100

-0.02644900

-0.06148800

1.38120900

1.37185300

1.93768400

2.28181300

3.14833600

1.35632100

1.89183400

-0.68184300

-0.82541900

-0.25890900

-1.79860300

-0.96958400

-0.05606900

-1.06867400

0.27008400

S15

-1.05438900

1.24145000

1.95605700

1.06466100

1.73934000

-1.23511400

-1.99646000

-1.67859200

-1.05438900

-0.08543800

-0.54859600

-0.00769200

-0.01096100

-0.53640400

-1.64979100

-0.23837800

1.00640200

-0.51968300

-1.63755900

-0.21137700

-0.16008200

-0.82468900

-0.84577500

-0.37499600

-1.86646200

1.48560400

1.90698900

1.58770100



1.08255200

-2.34343900

-2.52427900

-3.29760900

-2.00848300

-1.72202900

-2.77258700

-1.62838700

-1.11734200

-0.03442300

0.87624000

0.61726500

-0.87471500

-1.87038200

-0.33054700

-0.98459900

-0.11526000

0.19044100

-1.13503000

0.56300300

-1.99043400

-2.32586500

[TMPDAH"1?*, charge: 2, spin multiplicity: 2.

c

c

0.78975600

1.42861300

0.61882600

-0.75678400

-1.35394600

-0.58953900

1.36664200

1.06778300

-1.34882400

-1.05997500

-2.82010000

2.78535100

3.63969500

3.78995600

4.61468100

3.20933800

3.47256300

-1.28428700

-0.01691800

1.15125300

1.05125300

-0.20689300

-1.36897800

-2.20070400

2.13508300

1.96172600

-2.34889300

-0.31863500

0.07716200

-1.09691600

-1.54684200

-0.78342800

-1.83495700

1.35578600

S16

2.08656000

-0.83956700

-0.41582500

-0.84888900

-1.88066800

1.48088500

1.57882900

1.87910500

2.09565500

-0.12324000

-0.22420300

-0.11461500

0.00232900

0.11528500

0.11197100

-0.01553600

-0.12923600

-0.22809400

0.23980900

0.21450700

-0.23742800

-0.03219700

0.00482400

0.12184000

-0.87380700

0.51159500

0.80725500

-0.11065200



H 2.91074000 2.05542400 -0.73730200
H 3.62528000 1.78513900 0.89388300
H 4.45410800 1.18557700 -0.56830600
C -3.44827200 0.11830500 1.26015400
H -3.30309200 1.19702200 1.38498000
H -4.51997500 -0.10762100 1.21488700
H -2.97943400 -0.42693200 2.08723500
C -3.43448800 0.36059700  -1.22248500
H -3.27954200 1.44201900 -1.13847700
H -2.96172700  -0.02266900  -2.13377500
H -4.50821400 0.13946800  -1.22924300
H -3.03304700 -1.31830700 -0.13043900
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