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Appreciable equilibrium isotope effects have been observed for electron-transfer process bidtween
methylphenothiazine (MPT) and the radical cation ot and/or N-13C-methyl-substituted analogues via
electron spin resonance (ESR) line-broadening effect of the radical cation perchlorates in the presence of the
corresponding parent neutral molecule. The equilibrium constants for the following electron-transfer processes
were determined to bk; = 1.194+ 0.06,K, = 1.17+ 0.12,K3 = 1.06 &+ 0.03,K4 = 1.06 £ 0.05, andKs

K
= 1.27+ 0.14 respectively, in acetonitrile at ambient temperature: MEFNJMPT == MPT*+ -+ [*N]-
K K.
MPT; [CIMPT -+ [23C ISNJMP T+ == [13C]MPT** + [3C SN]MPT; [*N]MPT + [13C,SN]MPT*+ == [!5N]-

MPTt + [CNIMPT; MPT + [13C]MPT** = MPT** + [BCIMPT; MPT + [*3C*N]MPT** = MPT"+

-+ [BC,°N]MPT. In addition, infrared and Raman spectra of fitenethylphenothiazines and their radical
cations were recorded and compared to assign the vibrational frequency shifts caused by the heavy-atom
substitution and radical cation formation, from which the enthalpy changes of the electron-transfer processes
were estimated. These results reveal it and/or'*C-substitution of methylphenothiazine increases the
ionization potential of the molecule, making it more difficult to lose an electron to form the corresponding
radical cation in solution.

Introduction cation® We found that the electron transfer between thianthrene
(Th) and its radical cation (Tt) was isotopically selective with
the equilibrium constant of eq 2 being 0.62 0.12 in
grifluoroacetic acid/trifluoroacetic anhydride/methylene chloride
mixed solvent at room temperatui®e:

Stevenson and co-worké#have published a series of papers
since 1986 dealing with the equilibrium isotope effect (EIE)
on electron-transfer processes between several radical anion
and their heavy-isotope-substituted aromatic molecule precur-
sors. They found that the equilibrium constants for the electron

exchange (eq 1) deviated significantly from unity and suggested @:Z@ N ;zjf(éjg K @i@ . zjé;jg o

that these EIE’'s may serve as a basis for an efficient isotope

separatiorf>
This result has gotten support from NMRIR, and Raman
A AT =*A"T +A (1) spectroscopic studiéd Since this EIE is significant and, further,
radical cations and their parent molecules are quite different in
where *A represents a heavy isotopéi(*3C, N, 'O, etc.) chemical and physical properties, thus making them easy to

substituted aromatic molecule. Although their results, especially separate, this finding may lead to a facile approach for isotope
those dealing with>N/*N and *3C/*C isotope effects, have  enrichment. In fact, partial oxidation of a mixture of thianthrene
been questioned from theoretitadnd experimental stand-  and perdeuterated thianthrene followed by separation of the
points/® Stevenson and co-workérd! argued later that the  precipitated radical cation salts from the neutral molecules in
EIE is strongly dependent on the charge and spin density in thethe solution did make the isotope distribution in the neutral
area of isotope substitution, which is, in turn, dependent on the molecule different from that of the original mixtuteA similar
specific anion radical/counterion and anion radical/solvent 14N/15N EIE has been reported recently on the electron-transfer
interactions that make the statistical mechanical calculation hardreaction between phenothiazine and its radical cdfidtere,

to account for. The H/D isotope effects that Stevenson and co-we report ESR, IR, and Raman spectroscopic studiexoh
workers initially observed via electron spin resonance (ESR) 15N and 12C/A3C equilibrium isotope effects on the electron-
measurementshave been confirmed by independent cyclic transfer reaction betweetrmethylphenothiazine and the radical

voltammetric daté*3and theoretical calculatiorfs:* cation of its15N- and/or N-13C-methyl-substituted analogues
In view of these arguments we were motivated to see if a in solution.

similar EIE exists in electron-transfer processes between radical
cations and their neutral molecules, which had never been
studied until our previous report on the significahi/?H EIE

on the electron exchange between thianthrene and its radica

Experimental Section

Materials. N-methylphenothiazine (MPT) was prepared ac-
cording to the literaturé? mp 100-101 °C. *N-Methylphe-
nothiazine (I°N]JMPT) was prepared similarly, buf5N-

* To whom correspondence should be addressed. Fax: 86-931-8625657 Phenothiazin® was used instead of phenothiazine, mp 400
E-mail: liuzl@lzu.edu.cn. 101°C. MS (El, 70 eV): 214 (M, 100%), 199 (M — CHs,
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TABLE 1: ESR Parameters of Phenothiazine (PT) andN-Methylphenothiazine (MPT) Radical Cation Perchlorates
hyperfine splitting constants (G)
aromatic protons

radical cation gvalue N/SN 3C Hchy) Hn 2H 2H 2H 2H
PTb 2.0050 6.55 7.42 1.25 2.59 0.485 0.485
[*N]PT-tb 2.0050 9.16 7.47 1.25 2.59 0.485 0.485
MPT** 2.0052 7.66 7.31 1.02 2.17 0.70 0.28
(7.49¥ (7.247 (0.98¥ (2.12¥ (0.73F (0.24¥
[*N]MPT* 2.0052 10.73 7.31 1.02 2.17 0.70 0.28
[FCIMPT* 2.0052 7.67 3.46 7.35 1.04 2.20 0.70 0.28
[F3CIN]MPT-* 2.0053 10.81 3.45 7.32 1.03 2.20 0.70 0.28

aDetermined in anhydrous acetonitrile solution (2.5010~* M) at room temperature.Phenothiazine radical cation hexachloroantimonate,
determined in acetonitril&. ¢ Reference 19.

TABLE 2: Equilibrium Constants and Free Energy Changes for Reactions 3-7

concentration reaction

run ratio* AAHg? 3 4 5 6 7
1 1.0.4 0.015 1.28 1.06 1.20
2 1:0.8 0.03 1.18 1.24
3 1:1.0 0.04 1.17 1.05 1.06
4 1:1.2 0.05 1.16 1.35 1.04 1.08 1.25
5 1:1.6 0.06 1.20 1.19 1.12 1.05 1.42
6 1:2.0 0.08 1.21 1.13 1.06 1.08 1.30
7 1:3.0 0.12 1.16 1.10 1.08 1.06
8 1:4.0 0.16 1.17 1.11 1.09 1.05 1.20
K¢ 1.19+ 0.06 1.17+0.12 1.06+ 0.03 1.06+ 0.05 1.27+0.18
Kd 1.23 1.24 1.16 1.10 1.36
AG°esg (J/mol) —430.8 —388.8 —144.3 —144.3 —591.9
AG°r4(J/mol) —-516.8 —527.6 —371.6 —228.9 —767.6

a[radical cationy/[neutral molecule] used for ESR determination3ESR line width (in gauss) used for spectral simulatioDetermined by
ESR spectroscopy.Estimated by IR and Raman spectroscopy.

99%). 13C-methylphenothiazine fCIMPT) and*>N,**C-meth- the radical and the nonparamagnetic species in solgtion.
ylphenothiazine PN,'°C]MPT) were prepared similarly from  Hyperfine splitting constants were obtained from the spectrum
iodomethanésC with phenothiazine and®N-phenothiazine, of the isotopically pure radicals by computer simulation. Then

respectively, mp 108101 °C. Both of them have similaiH the simulated spectra of the two radical cations with different
NMR spectra (acetonds, ppm): 3.38 (d, 137.3 Hz), 7.05 (t).  isotopes were computationally superimposed with the concen-
MS (El, 70 eV) of [SCIMPT: 214 (M", 99%), 198 (M — tration ratio as a new variable to match the experimental

13CHz, 100%). MS (EI, 70 eV) of ECN]MPT: 215 (M*, spectrum of the mixed radical cations. Line widths of both
99%), 199 (M — 13CHjs, 100%). The radical cation perchlorates, species were adjusted in the simulation by reference to lines
MPT-*CIO,;~, [*N]MPT**CIO,~, [**CIMPT**CIO,~, and [*C,*N]- that are relatively free of overlap. The equilibrium constants
MPT*CIO,~, were prepared by oxidizing the corresponding evaluated from the concentration ratios of the two radical cations
parent molecules with 2,2,6,6-tetramethyl-4-acetyloxypiperidine are reproducible over several experiments with different initial
oxoammonium perchlorate in methylene chloride/carbon tetra- concentration ratios of the radical cation/neutral molecule.
chloride mixed solvent as described previouSlynp 180°C IR and Raman Measurements.IR spectra were recorded
(dec). Theg values of the ESR spectrum were 2.0052, 2.0052, 4y, 4 Njcolet 170SX IR spectrometer using KBr pellets. Raman
2.0052, and 2.0053, respectively. spectra were recorded on a Spex 1403 laser Raman spectrometer
Methylene chloride, carbon tetrachloride, and acetonitrile \yith an argon-ion laser excitation at 514.5 nm at room
were purified as usual and dried oveids before use. temperature using KBr pellets.
ESR MeasurementsCarefully weighed portions dfN- and/
or 13C-substituted methylphenothiazine radical cation perchlorate Results
and the corresponding neutral molecule were dissolved in
anhydrous acetonitrile. The initial concentration of the radical A, ESR Spectroscopic StudiesN-methylphenothiazine radi-
cation was ca. 2.5 104 M, and the concentration ratio of the  cal cation perchlorate (MPTCIO,~) showed a well-resolved
neutral molecule/radical cation ranged from ca. 0.4 to 4.0. The ESR spectrum in carefully degassed dilute anhydrous acetonitrile
solution was placechia 2 mmglass capillary and degassed by  at room temperature (Figure 1a) that is characterized by a triplet
a freeze-and-thaw procedure, then sealed for ESR determinaof 14N splitting of 7.66 G and proton splittings from N-methyl
tions. and aromatic protons as listed in Table 1. TR¢-substituted
ESR spectra were recorded on a Bruker ER-200D spectrom-analogue (PNJMPT**CIO4~) showed similar proton splittings,
eter using a standard T rectangular cavity, operating in the  whereas thé““N splitting was replaced by a doublet &N
X-band with 100 kHz modulation and a modulation amplitude splitting of 10.73 G (Figure 1c, Table 1). Whé&iN-substituted
of 0.1 G and time constant of 200 ms. All measurements were methylphenothiazine ¥fN]MPT) was added to the solution of
carried out at ambient temperature. MPT-*CIO,~, the unique ESR spectrum of MPTwas replaced
Spectral simulation was performed with a homemade software by a superimposed spectrum of MPTand [SN]MPTt,
that is based on the Bloch equations and rigorously accountstogether with significant line broadening as illustrated in Figure
for the line broadening caused by electron exchange between2. This demonstrates unambiguously that electron transfer takes
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Figure 1. ESR spectra ofN-methylphenothiazine radical cations
recorded in acetonitrile solution at 26: (a) [*N]JMPT**, 2.50x 1074
M; (b) computer simulation of (a), line widtihH,, = 0.18 G (for
hyperfine splitting constants (hfcs) see text); (c) MPR.50 x 1074
M; (d) computer simulation of (c), line widthH,, = 0.18 G (for hfcs
see text).

place betweenfN]MPT*" and MPT as depicted in eq 3:
OO - OFI0 -+ 0RO - GO
CH;3 CH3 CH3

CHj3
MPT MPTH [*NJMPT

K.

[*NIMPT"
where the equilibrium constait; can be calculated by

_ [[°NIMPT]IMPT™] _
L ISNIMPTHMPT]
(1 — a{ [**NIMPT], — o[MPT""] }

o [MPT"],

where o represents the fraction ofSN]JMPT*" in the total
concentration of radical cations in the equilibrium, which was
obtained by computer simulation of the ESR spectrum by adding
the pure spectra of MPT and PSN]MPT**+ with different ratios,
taking into account the line-broadening effect due to the electron

exchange. The line-broadening due to the electron exchange,

AAH,y, can be calculaté@iby AAH = 6.58 x 10-8(1 — P))[c],
whereAAH is the increment in peak-to-peak line width due to
the electron exchange (in Gausg)] is the concentration of
the diamagnetic parent molecule (in mol/L) am is the
intensity fraction of thejth line in the total intensity of the
spectrum. The electron exchange rate constarior eq 3 has
been determined to be 2.2010° mol~1 s71.23 Seven indepen-
dent experiments with an initial concentration ratio 8IN]J-
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Figure 2. Representative ESR spectrum obtained from a mixture of
methylphenothiazine radical cation perchlorate &kd-methylphe-
nothiazine recorded in acetonitrile solution atZ5 (a) [MPT*]o =
2.46x 1074 M, [[**N]MPT]o = 1.98 x 10~* M; (b) computer simulation

of (a) generated by using a molar ratio of MPT*SN]MPT** of 1:0.75,
corresponding td; = 1.16 for reaction 3.

MPT/MPT* ranging from 0.4 to 4.0 gave the equilibrium
constantk; = 1.19+ 0.06. The results are listed in Table 2.
13C-substitution of the methyl carbon in either MPBr [1°N]-
MPT-* produced a new doublet 8fC-splitting together with
appreciable change on nitrogen and proton splittings in the ESR
spectrum (Figure 3 and Table 1). Similarly, addition of neutral
[**CIMPT molecule to the acetonitrile solution ofC1>N]-
MPT*CIO4~ changed the unique spectrum & SNJMPT*"
to a superimposed spectrum &1¢,SNJMPT*+ and [-3C]MPT**+
as illustrated in Figure 4, demonstrating the occurrence of the
electron exchange as shown in eq 4.

@;@ * @Tj@ @Kf;@ " @;@ @

13 i
CH; 13CH;

K.

B3CH, 3CH,

*c,*NJMPT

[“cMPT °c,"NjMpPT *cmpTt
The K, was determined to be 1.1# 0.12 (Table 2).

Similar ESR determinations for mixtures fIN]MPT and
[13C I5N]MPT* (Figure 5), MPT andfCJMPT** (Figure 6),
and MPT and PBCSN]MPT** (Figure 7) gave equilibrium
constants for reactions 5, 6, and 7 bekg—= 1.06+ 0.03,K4

= 1.06+ 0.05, andKs = 1.27 & 0.14, respectively (Table 2).

OO - OF0 - G0 - A0 .

13CH, 13CH,

K.

[*NJMPT (2c,"NMPTH [*NMPT* [*C,"NJMPT
S S S.
000 + Q10 <= Qr0 + OO «
) Y ) el
CHs BCH, CH; BCH,
MPT *ciMpT+ MPT* (*cjmPT
S. S. K S S
QL0 + QL0 = QL0 + QL0
) i y i @
CHj B CH; CHj CH,
MPT *c,*NmpT MPT** [*c,*NIMPT

Free energy changes derived from the equilibrium constants are
also listed in the table.

B. IR and Raman Spectroscopic StudiesStevenson and
co-workersdP have suggested that the EIE between benzene and
perdeuteriobenzene radical anion stems from the zero-point
vibrational energy effect (ZPE) upon the isotope substitution
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TABLE 3: Fundamental Vibrational Frequencies (cm=1) of MPT, MPT *"CIO4~, [**N]MPT, and [*N]MPT **ClO4~ 2

mode MPT MPT"™ normal [**NJMPT [**NJMPT* normal
symmetry IR Raman IR Raman coordinate IR Raman IR Raman coordinate
A 3052 (m) 3049 (m) v(CH) 3050 (m) 3047 (m) v(CH)
1592 (s) 1601 (s) »(CC) 1594 (m) 1598 (s) v(CC)
1590 (vs) 1592 (w) »(CC) 1590 (vs) 1586 (m) v(CC)
1571 (vs) 1579 (m) »(CC) 1570 (vs) 1568 (vs) »(CC)
1565 (vs) 1536 (vs) v(CC) 1565 (vs) 1535 (vs) v(CC)
1488 (m) v(CC)
1449 (vs) 1459 (vs) »(CC) 1452 (vs) 1440 (s) v(CC)
1440 (s)
1332 (w) 1344 (m) 1324 (w) 1337 (s)
1328 (vs) 1328 (s) methyl 1317 (vs) 1319 (s) methyl
twisting twisting
1304 (s) 1309 (w) 1304 (s) 1306 (w)
1285 (s) 1291 (m) v(CC) 1283 (s) 1290 (m) v(CC)
1280 (m) w»(CC) 1283 (w) 1286 (w) »(CC)
1265 (vs)
1260 (vs) 1262 (s) v(CN) 1253 (vs) 1256 (s) v(C™N)
1243 (m) 1246 (m) v(CN) 1249 (vs) 1243 (m) »(C¥™N)
1165 (m) 1163 (m) B(CH) 1165 (m) 1159 (m) pB(CH)
1161 (m) 1175 (s) B(CH) 1154 (m) 1175 (m) B(CH)
1143 (m) 1139 (w) B(CH) 1249 (vs) 1243 (m) B(CH)
1132 (vs) B(CH) 1135 (vs) B(CH)
1126 (m) 1117 (w) B(CH) 1124 (m) 1126 (w) S(CH)
1108 (vs) 1099 (m) »(CS) 1103 (s) 1099 (s) v(CS)
1106 (m) 1086 (vs) v(CS) 1099 (m) 1086 (vs) v(CS)
1035 (s) 1037 (s) 1031 (m) y(CS) 1036 (vs) 1036 (vs) 1032 (s) y(CS)
858 (vs) 875 (m) v(CN) 852 (vs) 870 (m) v(CN)
846 (m) 855 (vs) v(CN) 850 (s) 845 (m) v(C™N)
674 (vs) 684 (m) oO(CCC) 674 (s) 680 (m) J(CCC)
673 (w) 1(CS) 669 (w) v(CS)
601 (w) 622 (vs) o(CCC) 600 (w) 622 (vs) o(CCC)
580 (s) 598 (s)
578 (s) o(CCC) 575 (s) 597 (s) o(CCC)
496 (m) 0(CCC) 496 (m) 0(CCC)
491 (s) 494 (m) 0(CSC) 491 (s) 0(CSC)
332 (vs) 474 (w) 473 (s) O(CNC) 329 (vs) 470 (s) O(C'™NC)
A" 975 (m) 956 (w) y(CH) 961 (w) 954 (m) y(CH)
947 (m) 944 (m) 948 (s) 937 (m)
934 (m) 931 (m)
760 (m) 778 (w)  y(CH) 759 (m) 785 (w) y(CH)
746 (w)
752 (vs) 755 (vs) y(CH) 752 (vs) 756 (vs) y(CH)
725 (s) 728 (s) 728 (w) ¥(CC) 726 (s) 730 (m) 727 (w) y(CC)
693 (w) 697 (m) 709 (m) y(CC) 693 (m) 694 (m) 710 (w) y(CC)
539 (s) 540 (s) 546 (w) y(CC) 536 (w) 539 (s) 540 (w) y(CC)
443 (m) 442 (m)
431 (m) 449 (w) y(CS) 434 (m) 448 (m) y(CS)
411 (w) 414 (w) y(CS) 416 (m) 401 (w) y(CS)
355 (m) 353 (m) 377 (m) 390 (m)
296 (m) 290 (m)
246 (m) 249 (m)
187 (vs) 249 (m) o(CSC) 186 (vs) 239 (w) o(CSC)
142 (s) 194 (vs) 140 (s) 195 (vs)

as= strong, vs= very strong, n= medium, w= weak,v = stretching = bending,8 = in-plane deformationy = out-of-plane deformation.

and estimated the free energy change of the electron exchangsymmetry assignments are well establisBe8luch an approach
process from the IR frequency shifts upon deuteration and has been successfully used to assign IR and Raman spectra of
radical anion formation. Wé8also found that significant low-  thianthrene and phenothiazine by usioglichloro- ando-
frequency shifts took place in some of the IR and Raman bandsdibromobenzenes as reference compodf#s>Therefore, the

of thianthrene upon deuteration and radical cation formation same approach was used for the spectral assignmehk of
and of phenothiazine upoliN substitution and radical cation = methylphenothiazine.

formation, which may explain the isotope effect. Therefore, IR N-methylphenothiazine with 26 atoms a@dsymmetry has

and Raman spectra dfmethylphenothiaziné®N-methylphe- 72 fundamental frequencies, i.e., 38A 34A". Here A is the
nothiazine, N-methyl+3C-phenothiazine >N-methyl-3C-phe- symmetric vibration and Ais the antisymmetric vibration. The
nothiazine, and their radical cation perchlorates were recorded,complete IR and Raman spectral assignments of the all-isotope-
as shown in Figures-811. SinceN-methylphenothiazine is  substituted methylphenothiazines and their radical cations are
known to be folded about the-9N axis with a dihedral angle listed in Tables 3 and 4. The Raman spectral assignments of
between the two phenylene rings of ca. 143%the two N-methylphenothiazine and its radical cation are in accordance
phenylene rings are nearly independent, and the spectrum carwith those reported previousk:?” The assignments for the

be interpreted in terms of substituted benzene spectra, whoséheavy-atom-substituted methylphenothiazines are straightfor-
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TABLE 4: Fundamental Vibrational Frequencies (cm=1) of [RC]MPT, [13C]MPT *"CIO4, [**N,13C]MPT, and
[15N,13C]MPT **ClO,~ 2

mode [©*CIMPT [**C]MPT" normal [N, *C]MPT [**N,*C]JMPT* normal
symmetry IR Raman IR Raman coordinate IR Raman IR Raman coordinate
A’ 3052 (m) 3050 (m) v(CH) 3051 (m) 3053 (m) v(CH)
1592 (s) 1598 (s) v(CC) 1591 (s) 1600 (s) »(CC)
1591 (vs) 1592 (w) v(CC) 1590 (vs) 1594 (w) v(CC)
1570 (vs) 1577 (m) »(CC) 1569 (vs) 1568 (vs) v(CC)
1565 (vs) 1536 (vs) v(CC) 1565 (vs) 1534 (vs) (CC)
1489 (s) 1487 (w) »(CC) 1487 (s) 1487 (w) »(CC)
1490 (m) 1494 (m) »(CC) 1488 (w) 1487 (s) v(CC)
1452 (vs)  1455(w) 1459 (m) 1436 (m) »(CC) 1444 (vs) 1442 (w) 1459 (m) »(CC)
1439 (vs) 1437 (s) 1437 (s)
1331 (m) 1330 (m) 1340 (s)
1326 (vs) 1326 (s) methyl 1315(vs) 1315(w) 1318(s) 1318 (w)  methyl
twisting twisting
1305 (m) 1302 (m)
1285 (vs) 1293 (s) v(CC) 1282 (s) 1289 (m) v(CC)
1288 (w) 1292 (w) »(CC) 1283 (w) 1286 (w) »(CC)
1251 (vs) 1256 (s) 1255 (m) »(CN) 1249 (vs) 1253 (s) v(C¥™N)
1244 (vs) 1245 (s) 1242 (w) v(CN) 1241 (vs) 1242 (s) (C™N)
1164 (m) 1160 (m) p(CH) 1164 (m) 1161 (m) S(CH)
1161 (m) 1176 (s) B(CH) 1162 (m) 1175 (s) B(CH)
1138 (w) 1138 (w) S(CH) 1241 (w) B(CH)
1132 (vs) B(CH) 1132 (vs) B(CH)
1121 (m) B(CH) 1125 (m) B(CH)
1104 (s) 1103 (m) »(CS) 1099 (s) 1100 (s) »(CS)
1103 (w) 1085 (vs) v(CS) 1097 (s) 1083 (vs) v(CS)
1035 (vs) 1035 (vs) 1033 (s) y(CS) 1035 (s) 1034 (m) 1032 (s) y(CS)
859 (vs
843 gs)) 863 (m) v(CN) 851 (vs) 852 (m) v(CH™N)
840 (w) 853 (w) v(CN) 854 (m) 847 (w) v(C¥N)
673 (s) 678 (m) o(CCC) 672 (s) 667 (m) o(CCC)
668 (s) 667 (W) v(CS) 668 (s) 661 (W) v(CS)
600 (m) 622 (vs) 0(CCC) 600 (m) 622 (vs) o6(CCC)
575 (vs) 575 (w) 598 (s) 0(CCC) 574 (s) 574 (m) 597 (vs) o6(CCC)
492 (m) 490 (w) o(CCC) 496 (m) o6(CCC)
490 (vs) 0(CSC) 488 (s) 488 (w) 0(CSC)
332 (vs) 473 (s) O(CNC) 328 (vs) 471 (s) O(C™NC)
A" 974 (s) 955 (m) y(CH) 975 (s) 953 (m) y(CH)
935 (w) 940 (m)
935 (s) 935 (s)
757 (w) 760 (w) y(CH) 765 (m) 761 (m) y(CH)
761 (vs) 755 (vs) y(CH) 761 (vs) 754 (vs) y(CH)
755 (vs) 760 (vs)
724 (vs) 726 (s) 722 (w) 721 (w) y(CC) 725 (vs) 727 (s) 721 (w) y(CC)
693 (s) 709 (s) y(CC) 693 (s) 708 (s) 704 (w) y(CC)
539 (vs) 539 (vs) 544 (m) 532 (w) y(CC) 536 (s) 537 (s) 541 (m) 538 (m) y(CC)
448 (w) 439 (w) 448 (m) 453 (w) y(CS) 442 (w) 440 (m) 448 (s) y(CS)
430 (s) y(CS) 429 (s) y(CS)
411 (s) 412 (m)
355 (m) 346 (m) 352 (m) 367 (m)
295 (m) 290 (m) 321 (m)
245 (m) 244 (m)
186 (vs) 242 (w) 6(CSC) 185 (vs) 250 (m) o(CSC)
153 (s) 200 (vs) 152 (s) 196 (vs)

as = strong, vs= very strong, m= medium, w= weak,» = stretching = bending,s = in-plane deformationy = out-of-plane deformation.

ward, since they showed similar IR and Raman spectra relative The 187 cm! C—S—C and 332 cm! C—N-C skeletal
to their “N- and/or'?C-analogues, and frequency shifts due to deformation bands in MPT move to remarkably higher frequen-
the heavy-atom substitution are obvious. cies (249 and 473 cm, respectively) in MPTCIO;~. These

The spectral assignments of tHé-methylphenothiazine  shifts reveal a significant structural change upon radical cation
radical cation and its isotope-substituted analogues were per-formation, i.e, a lessening on the degree of folding along the
formed by using a similar approach with reference to the Raman S—N axis?® which has been proved by X-ray single-crystal
spectral assignment of tikemethylphenothiazine radical cation  diffraction?8 It is also shown that although the change in mass
reported by Hester et &F. The four radical cations showed is relatively small, replacement of &N atom by!*N and/or
additional strong IR bands of perchlorate at 1080 and 630:'cm  12C by 13C brings about appreciable frequency shifts of not only
with respect to their parent molecules. All the IR and Raman the N—C and C(methyh-H stretching but also some of the ring
assignments are listed in Tables 3 and 4. C—C and C-H vibrations. Therefore, it is clear that radical

It can be seen from Tables 3 and 4 that transformation of the cation formation and isotope substitution may result in a nonzero
N-methylphenothiazines to their radical cations brings about enthalpy change for reactions-3. Vibrational bands that are
significant changes in their IR and Raman spectra. For instance effective for the enthalpy change of eqsBare summarized
the 1565 cm! A’ C—C stretching in MPT is 29 crt higher in Tables 5-9. The remaining vibrations showed very small
than the corresponding vibration in MPTIO,~ (1536 cntl). effects and are not included in the tables. On the basis of these
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Figure 3. ESR spectra offC-substituted methylphenothiazine radical
cations recorded in acetonitrile solution atZ% (a) ['3C,SN]JMPT**,
2.75 x 104 M; (b) computer simulation of (a), line widthHp, =
0.18 G (for hfcs see text); (c) [L3CIMPT, 2.55 x 107 M; (d)
computer simulation of (d), line widtiAH,, = 0.18 G (for hfcs see
text).
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Figure 4. Representative ESR spectrum obtained from a mixture of
15N, 13C-methylphenothiazine radical cation perchlorate anéfQN,
methylphenothiazine recorded in acetonitrile solution at’e5 (a)
[BCINIMPT o = 2.75 x 1074 M, [[1*C]MPT]o = 3.28 x 1074 M;

(b) computer simulation of (a) generated by using a molar ratio of
[BCSNIMPTH/[BCIMPT* of 1:1.35, corresponding t6, = 1.24 for
reaction 4.

vibrations, the enthalpy change for reactions73due to the

J. Phys. Chem. A, Vol. 103, No. 35, 1998003
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Figure 5. Representative ESR spectrum obtained from a mixture of
15N-methylphenothiazine radical cation perchlorate &h**C-meth-
ylphenothiazine recorded in acetonitrile solution at°25 (a) [[*°N]-
MPT+]o = 2.50 x 1074 M, [[13C,5N]MPT]o = 1.00 x 10~* M; (b)
computer simulation of (a) generated by using a molar rati&*6f'fN]-
MPT-H/[LCIMPT** of 1:0.39, corresponding ti§; = 1.06 for reaction

5.

Figure 6. Representative ESR spectrum obtained from a mixture of
N-methyl+3C-phenothiazine radical cation perchlorate axaneth-
ylphenothiazine recorded in acetonitrile solution at’25 (a) [[**C]-
MPT*]o = 2.55 x 10 M, [MPT]o = 2.54 x 1074 M; (b) computer
simulation of (a) generated by using a molar ratiocl@€[MPT-"/MPT*

of 1:1.02, corresponding t, = 1.06 for reaction 6.

Discussion

Itis clearly seen from Table 2 that the electron transfer from
N-methylphenothiazine to itSN- and/or'3C-substituted radical
cations is isotopically selective. The electron transfers prefer-
entially from the light-isotope-substituted molecule to its heavy-
isotope-substituted radical cation. In other words, it is easier
for the neutral light-isotope-substituted molecule to lose an
electron than it is for the heavy-isotope-substituted molecule
to form the corresponding radical catio®N substitution
significantly increases the ionization potential of the neutral
N-methylphenothiazine molecule and the electron affinity of its
radical cation13C substitution behaves similarly but to a lesser
extent. These results are in general agreement witFehié*N
and 13C*2C equilibrium isotope effects in the nitrobenzene/
nitrobenzene radical anion system and in the fluorenone/

zero-point energy effect can be calculated. Since the electronfluorenone radical anion systems, respectively, reported previ-
transfer between two structurally similar species would not bring ously by Stevenson and co-worké#8Electron-transfer reactions

about an entropy chang&thus giving an identical free energy

3—7 can construct two reaction cycles as shown in Scheme 1.

and enthalpy change, the equilibrium constants for reactionsIn the scheme the arrow designates the electron transfer from
3—7 can be estimated from the IR and Raman frequency shifts the neutral molecule to its isotope-substituted radical cations

and listed in Table 2.

and the number in the parentheses marks the reaction involved.
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Figure 7. Representative ESR spectrum obtained from a mixture of ¢
N-methylphenothiazine radical cation perchlorate &hdmethyl-+3C-
phenothiazine recorded in acetonitrile solution af@5 (a) [MPT*]o
= 2.48x 107* M, [[©*C*N]MPT], = 1.00 x 107* M; (b) computer
simulation of (a) generated by using a molar ratio of MR[FC,15N]-
MPT** of 1:0.37, corresponding ts = 1.30 for reaction 7.
SCHEME 1 //\T d
OO =0, OO Q0
N N ’ N
CHj CH3 CH,
Y]
©) (%)

OO, A0 —o— OF0 .

1666 1000 333
wavenumber (cm")

With the data listed in Table 2 it can be seen that the free energyFigure 8. IR spectra of MPT (a), MPTCIO,~ (b), [**N]JMPT (c),

2333

=

changes for these reactions are additive. That isAtB&:sg of and [SN]MPT**CIO4~ (d).
—591.9 J/mol for reaction 7 is reasonably consistent with the by the zero-point energy effect (ZPE) upon the isotope
sum of the AG°gsgr for reactions 3 and 5, i.e-430.8 + substitutiont> We have compared IR and Raman spectra of

(—144.3)= —575.1 J/mol, and with that for reactions 4 and 6, thianthrene, perdeuterated thianthrene, their radical cafiand

i.e., —144.3+ (—388.8)= —533.1 J/mol. A similar additive  those of phenothiazine, adéN-substituted phenothiazine and

effect on the EIE has been reported previously in electron- its radical catiort It was found that significant low-frequency

transfer processes between the benzene radical anion and itshifts took place upon the heavy-isotope substitution and radical

perdeuterated and p&ic-substituted moleculé4:?-30 cation formation and that the free energy change evaluated from
The EIE caused by heavy-isotope substitution in the benzene/the frequency shifts was in good agreement with that determined

perdeuteriobenzene radical anion system has been rationalizedhy ESR spectroscopy:18In the present work the free energy

TABLE 5: Selected IR and Raman Frequencies (cmt) of MPT, MPT **CIO,4~, [**N]MPT, and [N]MPT **CIO,4~ That
Contribute to AH° for Reaction 3

contribution

assignment MPT MPT [*NIMPT [*NIJMPT-" to AH® (J/mol)
A’ C—C stretching 1592 1601 1594 1598 —59.8
A’ C—C stretching 1590 1592 1590 1586 —72.0
A’ C—C stretching 1571 1579 1570 1568 —120.1
A’ C—H stretching 1449 1459 1452 1440 —145.2
A’ C—H in-plane deformation 1165 1163 1165 1159 —48.1
A’ C—H in-plane deformation 1161 1163 1165 1159 —48.1
A’ C—H in-plane deformation 1143 1139 1140 1140 48.1
A’ C—N stretching 1108 1099 1103 1099 59.8
A’ C—S stretching 1106 1086 1099 1086 84.1
A’ C—N stretching 846 855 850 845 —167.8
A’ C—S stretching 674 684 674 680 84.1
A" C—H out-of-plane deformation 975 956 961 954 143.9
A" C—N-C bending 947 944 948 937 —95.8
A" C—H out-of-plane deformation 760 778 759 785 —-143.9

746

A" C—C out-of-plane deformation 728 728 730 727 —36.0

aTotal contribution toAH® = —516.8 J/mol.
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Figure 10. Raman spectra of MPT (a), MPTCIO,~ (b), [**N]MPT
(c), and [PN]JMPT**CIO4~ (d).

IR and Raman results indicate that an appreciable frequency

2333 1666 1000 333 shift takes place not only on bonds connected to the substituted

wavenumber (cm™) isotope and next to the isotope but also on bonds far away from

Figure 9. IR spectra of FC]MPT (a), [ECIMPT*CIO, (b), [N, 13C]- t_he |so_tope-subst|tqted atoms. In addlt_lon, th_e molecular con-
MPT (c), and [5N,23CIMPT**CIO,~ (d). figuration of the radical cation is appreciably different from that

of the parent molecule, as evidenced by the X-ray diffractfon.
changes for reactions-¥ deduced from the IR and Raman Therefore, it seems insufficient to evaluate the isotope effect
spectra are in acceptable agreement with those obtained fromby using the cutoff model that calculated only two bonds
the ESR determination (Table 2), demonstrating that the zero-removed from the position of the isotope substitution and
point energy effect plays an important role in the isotope effect. assumed the same molecular configuration for the neutral

Marx et al® have questioned tHéN/1“N and!3C/*%C isotope molecule and its ionic analogue.

effects of unprecedented magnitude reported by Stevenson and It is worth noting that the presenttN/“N EIE of N-
co-workers, on the basis of statistic mechanical calculations of methylphenothiazines is remarkably different from that of
force constants using a cutoff model. Stevenson and co- phenothiazine reported previousf .Electron transfer from
worker$—11 pointed out later that the isotope effect is strongly phenothiazine to th&N-substituted phenothiazine radical cation
dependent on the specific anion radical/counterion ion-paring was found to possess a positive free energy chang® &
interaction and anion radical/solvent interactions that make the 441.7 J/mol) and an equilibrium constant of less than urty (
statistic mechanical calculation hard to account for. The present= 0.77). This may be caused by the significantly different

TABLE 6: Selected IR and Raman Frequencies (cmt) of [*3C]MPT, [13C]JMPT**CIO,4~, [**N,13C]MPT, and
[**N,2CIMPT **ClO4~ That Contribute to AH®° for Reaction 4*

contribution

assignment FCIMPT [FCIMPT* [*N,*CIMPT [N, BCIMPT* to AH® (J/mol)
A’ C—C stretching 1592 1598 1591 1600 36.0
A’ C—C stretching 1591 1592 1590 1594 36.0
A’ C—C stretching 1570 1571 1569 1568 —95.8
A' C—S stretching 1103 1085 1097 1083 48.1
A’ C—N stretching 840 853 854 847 —239.7
A’ C—N stretching 859 863 851 852 —131.8
A' C—S stretching 673 678 672 667 —-120.1
A" C—H out-of-plane deformation 974 955 975 953 —36.0
A" C—H out-of-plane deformation 757 760 765 761 —-84.1
A" C—C out-of-plane deformation 726 721 727 727 59.8

aTotal contribution toAH® = —527.6 J/mol.
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TABLE 7: Selected IR and Raman Frequencies (cmt) of [15N]JMPT, [1N]JMPT *CIO4~, [**N,13C]MPT, and
[**N,13C]MPT **CIO4~ That Contribute to AH° for Reaction 5

contribution to

assignment PNIMPT [N]MPT** [*N,3CIMPT [**N,*CIMPT+ AH° (J/mol)
A’ C—C stretching 1590 1586 1590 1594 95.8
A’ C—C stretching 1452 1440 1444 1459 192.0
1437
A’ C—H in-plane deformation 1165 1159 1164 1161 36.0
A" C—H in-plane deformation 1154 1175 1162 1175 —95.8
A’ C—N stretching 1103 1099 1099 1100 59.8
A’ C—N stretching 852 870 851 852 —203.8
A" C—S stretching 674 680 672 667 —131.8
A" C—H out-of-plane deformation 961 954 975 953 —179.9
A" C—H out-of-plane deformation 759 785 765 761 —120.1
746
A" C—H out-of-plane deformation 752 756 761 754 —59.8
750
A" C—C out-of-plane deformation 730 727 727 727 36.0

aTotal contribution toAH® = —371.6 J/mol.

TABLE 8: Selected IR and Raman Frequencies (cmt) of MPT, MPT **ClO,4~, [**C]MPT, and [®C]MPT **CIO4~ That
Contribute to AH® for Reaction 6

contribution

assignment MPT MPT [BCIMPT [FCIMPT to AH® (J/mol)
A" C—C stretching 1592 1601 1592 1598 —36.0
A’ C—C stretching 1449 1459 1459 1459 36.0
1440 1439 1437

methyl twisting 1332 1344 1331 1330 —156.1

A’ C—H in-plane deformation 1143 1139 1138 1138 48.1

A" C—N stretching 1108 1099 1104 1103 95.8

A’ C—S stretching 1106 1086 1103 1085 36.0

A" C—S out-of-plane deformation 1037 1031 1035 1033 48.1

A’ C—N stretching 846 855 840 853 48.1

A" C—N stretching 858 875 859 863 —71.9
843

A’ C—S stretching 674 684 673 678 —59.8

A" C—N—C bending 947 944 935 940 95.8

A" C—H out-of-plane deformation 760 778 757 760 —-181.2

A" C—H out-of-plane deformation 752 755 761 755 —72.0
755

A" C—C out-of-plane deformation 728 728 726 721 —59.8

aTotal contribution toAH® = —228.9 J/mol.

TABLE 9: Selected IR and Raman Frequencies (cmt) of MPT, MPT **CIO,4~, [**N,13C]MPT, and [**N,13C]MPT**ClO4~ That
Contribute to AH° for Reaction 72

contribution

assignment MPT MPT [**N,°CIMPT [N, 3CIMPT* to AH® (J/mol)
A’ C—C stretching 1571 1579 1569 1568 —107.9
A’ C—C stretching 1449 1459 1444 1459 48.1
A’ C—N stretching 1108 1099 1099 1100 120.1
A’ C—S stretching 1106 1086 1097 1083 72.0
A" C—S out-of-plane deformation 1037 1034 1031 1032 48.1
A’ C—N stretching 846 855 854 847 —192.0
A’ C—N stretching 858 875 851 852 —192.0
A’ C—S stretching 674 684 672 667 —179.9
A" C—H out-of-plane deformation 975 956 975 953 —36.0
A" C—H out-of-plane deformation 760 778 765 761 —264.0
A" C—H out-of-plane deformation 752 755 761 754 —84.1

750

aTotal contribution toAH® = —767.6 J/mol.

distribution of spin and charge densities on the two radical ing an ion pair. Obviousl\:®N substitution would enhance this
cations. It is well-known that methyl substitution on the nitrogen ion-paring interaction, leading to an increase of the electron
atom of phenothiazine increases the spin and charge density oraffinity of the radical cation. It has been proved that the isotope
the nitrogen atom in its radical catiéh?%-31in the phenothiazine  effect on radical anion/neutral molecule systems strongly
radical cation the spin and charge densities are predominantlydepends on the charge and spin densities in the area of isotope
localized on the sulfur atom, while in tidémethylphenothiazine  substitutiod® and on the ion-pairing interactidfifi25

radical cation they are predominantly localized on the nitrogen  In conclusion, this work demonstrates that electron transfers
atom2® As a matter of factN-methyl substitution in phenothi-  in an isotopically selective manner betwegmethylphenothi-
azine causes a17% of increase of the ESRN and N azine and its radical cation in solution. TH&- and/or!3C-
hypersplitting constants (see Table 2). Therefore, the counterionmethyl substitution increases the ionization potentiaNehe-
perchlorate anion would more strongly interact with the nitrogen thylphenothiazine and the electron affinity of its radical cation.
atom ofN-methylphenothiazine than with phenothiazine, form- These equilibrium isotope effects can be rationalized by a zero-



14NN and 12C/A3C Isotope Effects J. Phys. Chem. A, Vol. 103, No. 35, 1998007

(2) (a) Zuihof, H.; Lodder, G.; van Mill, R. P.; Mulder, P. P. J.; Kage,
D. E.; Reiter, R. C.; Stevenson, C. D. Phys. Cheml995 99, 3461. (b)
Hammerich, O.; Nielsen, M. F.; Zuihof, H.; Mulder, P. P. J.; Lodder, G.;
Reiter, R. C.; Kage, D. E.; Rice, C. V.; Stevenson, C.JDPhys. Chem.
a 1996 100, 3454. (c) Stevenson, C. D.; Wagner, E. P., II; Reiter, RJ.C.
Phys. Org. Chem1995 8, 371. (d) Stevenson, C. D.; Wagner, E. P., Il;
Reiter, R. C.J. Phys. Chem1993 97, 10585.
(3) Stevenson, C. D.; Halvorsen, T. D.; Reiter, R.JCAm. Chem.
Soc 1993 115 12405.
(4) Stevenson, C. D.; Halvorsen, T. D.; Kage, D. E.; Reiter, R. C.;
McElheny, D. J.J. Org. Chem1993 58, 4634.
b (5) Stevenson, C. D.; Wagner, E. P., Il; Reiter, R.I@rg. Chem.
1993 32, 2480.
(6) Marx, D.; Kleinhesselink, D.; Wolfsberg, Ml. Am. Chem. Soc.
1989 111 1493.
(7) Holm, T.J. Am. Chem. S0d.994 116, 8803.
(8) Yamataka, H.; Mishima, M.; Kuwatani, Y.; Tsuno, ¥.Am. Chem.
Soc.1995 117, 5829.
(9) Stevenson, G. R.; Sturgeon, B. E.Org. Chem199Q 55, 4090.
(10) Stevenson, G. R.; Peters, S. J.; Reidy, K. A,; Reiter, R. Org.
Chem 1992,57, 1877.
(11) Stevenson, G. R.; Wehrmann, G. C., Jr.; Reiter, R. €hys. Chem
1991, 95, 6936.
(12) Morris, R. C.; Smith, W. HJ. Electrochem. S0d991 138 1351.
d (13) Goodnow, T. T.; Kaifer, A. EJ. Phys. Chem199Q 94, 7682.
(14) (a) Zuihof, H.; Lodder, GJ. Phys. Chem1992 96, 6957. (b)
Zuihof, H.; Lodder, GJ. Phys. Chem1995 99, 8033.
(15) Liu, Z. L.; Lu, J. M.; Chen, P.; Wang, X. L.; Wen, X. L.; Liu, Y.
T e S C. J. Chem. Soc., Chem. Commua®892 76.
100 1050 2000 (16) Liu, Z. L.; LU, J. M.; Yang, L.; Chen, P.; Wang, X. L.; Liu, Y. C.
Sci. China Ser. B (Engl. Ed)995 38, 273.
(17) Wen, X. L.; Liu, Z. L.; Lu, J. M.; Liu, Y. CJ. Chem. Soc., Faraday
Figure 11. Raman spectra of§CIMPT (a), [*CIMPT*CIO,~ (b), Trans.1992 88, 3323.
[N, 33CIMPT (c), and {5N,23C]MPT**ClO,~ (d). (18) Wu, L. M.; LU, J. M.; Wen, X. L.; Jia, X. Q.; Liu, Y. C.; Liu, Z.
L. J. Phys. Org. Cheml997 10, 152.

wavenumber (cm™)

. . . . (19) Clarke, D.; Gilbert, B. C.; Hanson, P.; Kirk, C. M. Chem. Soc.,
point energy effect, an electronic effect, and ion-pairing interac- perkin Trans. 21978 1103.

tions caused by isotope substitution and radical cation formation.  (20) Liu, Y. C.; Ding, Y. B; Liu, Z. L.Acta Chim. Sin1990 48, 1119.
Acknowledgment. We thank the National Natural Science  _(21) Jia, X. Q;;Lu, J. M.; Liu, Z. L.; Wu, L. MChin. J. Magn. Reson.

Foun_dation of (_:hina an_d Nat_ural Science Foundation of Gansu 19?27’2)14;_3%. M.; Chen, P.; Liu, Y. C.; Liu, Z. LChin. J. Magn. Reson.
Province of China for financial support. 1995 12, 1.
(23) Kowert, B. A.; Marcoux, L.; Bard, A. . Am. Chem. Sod972
94, 5538.
References and Notes (24) Chu, S. S. C.; van der Helm, Bcta Crystallogr 1974 B30, 2489.
(1) (a) Stevenson, G. R.; Espe, M. P.; Reiter, RJCAm. Chem. Soc (25) Bertinelli, F.; Bizzarri, P. C.; Cassa, C. D.; Fiorini, NL. Polym.
1986 108 532. (b) Stevenson, G. R.; Espe, M. P.; Reiter, RJCAm. Sci., Part B: Polym. Physl98§ 26, 2203.

Chem. Soc1986 108 5760. (c) Stevenson, G. R.; Espe, M. P.; Reiter, R. (26) Hester, R. E.; Williams, P. J. Chem. Soc., Perkin Trans1281,
C.; Lovett, D. J.Nature 1986 323 522. (d) Stevenson, G. R.; Reiter, R. ~ 852.

C.; Espe, M. P.; Bartmess, J. E. Am. Chem. Sod 987, 109, 3847. (e) (27) Kure, B.; Morris, M. D.Talanta1975 23, 398.

Stevenson, G. R.; Reiter, R. C.; Au-Yeuno, W.; Pascatove, J. A, Jr.;  (28) Alper, J. S.; Silbery, RJ. Chem. Phys197Q 52, 569.

Stevenson, R. DJ. Org. Chem.1987 52, 5063. (f) Lauricella, T. L.; (29) Wang, Q. G,; Liu, Y. C.; Ding, Y. B.; Liu, Z. LJ. Struct. Chem.
Pescatori, J. A.; Reiter, R. C.; Stevenson, R. D.; Stevenson, &.FRys. (China) 1988 7, 153.

Chem 1988 92, 3687. (g) Stevenson, G. R.; Sturgeon, B. E.; Vines, K. S ; (30) Stevenson, G. R.; Peters, S. J.; Reidy, KTétrahedron Lett1990
Peters, S. JJ. Phys. Chem1988,92, 6850. (h) Stevenson, G. R.; Reidy, 31, 6151.

K. A.; Peters, S. |.; Reiter, R. Q. Am. Chem. S0d 989 111, 6578. (i) (31) Ruperes, F. L.; Conesa, J. C.; Soria, J.; Apeda, M. C.; Cano, F. H,;

Stevenson, G. R]. Phys. Chem1988 92, 493. Foces-Foces]. Phys. Cheml1985 89, 1178.



