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EG&mce far the atkm-radictt of pyridine iz+ obtsined by ESR and ~ptictl studies of y-irmdiawd frozen st%Kutions ot 
p: ridine in trichtor&~romeUzme zr 77 and 4 K. The cation-mdicsi is a o-t) pe mdictl. the positive charge residin~mostly 
in the titrogen kme pair orbitat. Comis:cnr ~peetni data nre obtained sti for I?-dautero-. 4deutcro. I?6-dideutero-, and 
perd~~inrs. 

Despite the importance ot- pyridirte 3s the proto- 

type of azazromatirs tmcerta%ty shrouded tmtit re- 
cently as to the assignment of rhe f&t lwo vertical 
ionimtions [I ] _ This is due to the fact that the first zr 
orbitsf lies accideuta& &se to the Ione pair orbitat 
iI-33 _ The fact enoaifs the difficuky in predicxing the 
nature of the cation-radical of pyridine. An attempt 
to identify the cation-radic& by ESR ~3s made some 
time ago [4,5] _ fon4Ption of polycrystailine pyridine 
at 77 K by ~irradiatien, however, restdted in the fot- 
mation of 3,pyridy! radica1 apparently by the follow- 
ing reaction, 

Since the cation-radi&s of 7;;frious N-heteroaromat- 
its were obtained successfully in a r-irmdiated Freon 
m-uture at TT K &I Jr it IS= expected that the catioon- 
mdicai of pyridine &o might be produced in the ~lme 
matrix. How~r, it turned out that the ESR spectrum 
of the -y-&radiated pyridiue-Freon mixture at 7’7 K 
differs little from the spectrum of the Freon mixture 
atone. Therefore it had to be concluded that the irra- 
diation did not produce the pammagnetic cation- 
ndical of pyridine_ 

It is found, however, that pyridine in triehIoro&t- 
oromethane at 4 K gives an ESR spectrum attributable 

to a o-type cation-radical of pyridine with an isotropic 
hyperfine coupiing constant of nitrogen of 41 G. The 

optial absorption spectrum of the pyridine cation is 
atso consistent with the photoefectrou spectrum of 
pyridine [I]. The present work exemplifies the poten- 
tial usefulness of t~i~hIoro~uoromethane as a matrix 
for the productian of elusive cation-radicals like that 
of pyridine, 

2. Experimenraf 

Reagent grade pyridine from Wtko Pure Chemical 
End., was pursed first by distillation, and then by 
comple.uation with zinc &Ioride which was decom- 
posed by sodium hydroxide to reproduce pyridine, 
Perdeutemted pyridine was purchxzd from CEA. and 
ttsed ;fo received.. 2-deutero, LLdeutero- and 2,6-di- 
deutero-pyridines were synthesized by the method in 

the Litemture [?I_ h%R spectra of each isotopiufIy 
substituted pyridine showed no trace of impurities. 
Trichlorofluoromethane (TCFM) and 1 1 3 7 -tetra- , *-,-* 
fkoro-l ,2-dzbromoethane (TFDBE) from D&in 
Ggyo were used without purification. Preliiinary 
tests using distilled Freons showed no effect of the 
distiBation, 

About 25 m&i of pyridines was dissoived in TCFM 
or in an equivoiume mixture of TCFM and TFDBE 
@he mixture wiB be called FM standing for Freon mix- 
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ture). evacuated in Suprasil cells of 3 mm outer diam- 

eter. The sample was irradiated in liquid helium or in 
liquid nitrogen, and the ESR signal was measured at 
the same temperatures employing a JEOL FE spec- 
trometer- For o@zai measurements samples were seal- 

ed in a 15 mm or 05 mm thick Suprasil ceU and the 
absorption before and after irradiation was measured 
by a Cary 171 spectrophotometer. 

3_ ResuIts and discussion 

r-irradiation of pure glassy Fhl at 77 K induces an 
optical absorption band of X,,, = 560 nm which is at- 
trrbuted to the radiation-induced positive ions of the 
Freons [6,SJ _ When solutes of Iow ionization poten- 
tials are present in FM, the positive charge is scavenged 
by the solutes and absorption due to the solute cations 
appears at the expense of the absorption at A,, = 
560 nm [6_S ] _ Since a new absorption at X,, = 390 
nm appeared in the solution of pyridine in Fhl, the 
absorption was regarded, in a previous paper [S], as 
due to the cation-radical of pyridine- However, it is 
found that the ESR spectrum of the same system does 
not indicate the formation of the cation-radical of 
pyridine because there is no significant difference be- 
tween the pyridine-FM and the pure FM systems as 
demonstrated in figs. Ia and lb. The spectra in figs. la 
and 1 b are typical of fluorine-containing radicals [9] 
produced by reactions such as 

CFCI, +- e- + - CFCI, + Cl-, (2) 

CF?BrCF,Br -I- e- + - CF?CF,Br + Br-_ (3) 

The counterpart positive ions of the Freons may not 
be clearly seen if the positive charge is localized on 
the nearly degenerate lone-pair orbitals of haIogens 
[IO] _ The absence of an ESR signal attrrbutable to the 
cation-radical of pyridine implies that the charge is not 
transferred to pyridine despite the optical change from 

4nZX = 560 nm to 390 nm_ Possible reconciiition is 
that ahhough the positive charge in the Freon mole- 
cules migrates to pyridine the charge is not transferred 
to pyridine but a charge-transfer complex is produced 
in which the charge is mostly localized in one of the 
Freon molecules adjacent to the pyridine molecule_ 

However, when TCFM is used as a matrix, the ESR 
spectra of pure TCFM and of all five pyridines in 

e TCFM 1) 

t V 

roogarrss 

Fig. I_ ESR spectra of IX and TCF.Ii solutions N ith and with- 
out pyrldine or p)ridine-dj irradiated and measured at 77 I;. 
The amplification for (a) and (b) is the same. and that for (c). 
(d). and (e) is the rime_ The former is about 15 times as targe 
as the latter. Radiation doses for a11 f&e are the same. 

TCFM solutions are remarkably different as figs_ IC 
and Id show representatively for pyridine-h5 and -d5, 
respectively_ The three spectra of figs_ 1 c-1 e are ob- 
tained with the same dose and the same signal amplifi- 
cation. The rehtively weak “background” signal of 
pure TCFBI in fig_ le is attributable to the fact that 
the radical in reaction (2) contains the fluorine atom 
whose anisotropic hfc constants are large enough to 
obhterate the ESR signal [9 j _ This feature is favorable 

for the detection of reJ.ativeIy sharp signals due to or- 
ganic radicals such as the pyridine cation_ The charac- 
teristic complexity of the spectrum of pyridine-1z5 in 
TCFM is reminiscent of the spectrum of the phenyl 
radical which is isoelectronic with the u-type cation of 
pyridine. The relatively broad spectrum for an organic 
radical spanning about 150 G immediately suggests 
that the posiike charge is successfully transferred to 
pyridine, as 
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and ttr;tt the odd eltrctrun in the pyridine cation resides 
mostly in the nitrogen tone-pair orbital. The Lumplex- 
ity of the ESR spectrum decreases gradually as the 
protons were deuterrtted, but the broad triplet fature 
ren~ins as is espeetly evident for the spectrum of 
pyridine-$ in TCI’M, 

In order tu c~M~rm the assig,nment df the cation, 
an ESR simulation was attempted refxring to the 
\trork of phenyt radical f I t f _ However. dcqite repeat- 
ed trial[s of pzranetri;r;ttiun the simulated spectra did 
nut agree with the observed one to a satisfactory de- 
gree. In particruhr, the outer txso pe&s of the broad 
triplet were systematic&I) iarger than the simuhtion. 
suggesting either the formation of byproducts or Sine- 
&ape distwtion due to some interaction of the pyri- 
dine cation with matrix molcules or due to some tno- 
fecuhr motion of the =tion- Therefore, in order to 
eiimbsate or reduce these ambiguities, irmdiatian and 
measurement of the samples at 4 ii was attempted to 
obt;;lin the following results. 

(1) The superposing signak5 are suppressed and the 
gertenf agreement with the simuhtion is improved as 
shown in fii_ 1. 

(2) The ESR sigMs 3r.z very sensitive to microwave 
power saturation, and the power has to be reduced to 
rite order of 100 p‘vc; zo obtain reproducible and undis- 
torted spectra. 

(3) When the smplss irradiated at 4 I;. are warmed 
to 77 EC, the spettrnm agrees with that of the samples 
irradiated and measured at 77 R_ 

(4) \Yhen the samples irradiated at 77 EC are rraoled 
to 3 Is, the spestrum remains unchanged_ 

The irrevenble temperature effects rule om the 
pos.st%ilit~ of the presumed molecuiar motion_ The 
spectraf ebange and the remarkable difference in satu- 
ration between 4 K and 77 K may be accounted for in 
the fot!owiog way_ By analogy with the trapped efec- 
tron in matrice!s at 4 K and 77 R f12j, the pyridine cx- 
tiott may reorientate irreversibly the surrounding 
lXXM mO&tdes in tile softened mahi%% at 77 I( so 
that the lone-pair electrons of the TCFW mokctdes 
may interact wirh the pyridine cation more easily than 
in the rigid matrix at 4K Such an int~mction may 
unse an efficient relaxzttion of the spin system and a 
change in spectrat Iine shape_ 

Even at 4 K the agreement between the observed 
and simulated spectra in Q-3, is not compiete. HOW- 
ever, considering the fact that the cation is in a com- 
plex poiyatomic rnotetutsr matrix easily electronic+ 
fy pohrisable by the positive charge of the cation and 
that a mtdtitude of parameters is involved, the general 
agreement with a common set of the parameters for 
ali the pyridine isomers should be taken positively 
rather than negatively_ (Note t&t the better agreement 
in the work of phenyl radical [I I] should part& be at- 
tributed to the inert matrix of rare gas s&ids) The 
best-fit parameters used for the simulation in fig-2 are 
compited in table I _ It should be remarked that the 
isotropic hfc constant of nitrogen amounts to 41 C 
which is higher than that for the we11 studied ZpyridyI 
radical f5f. Xt is also interesting to note that the iso- 
tropic hfc constants of or&o and para hydrogens are 
much iarger than those of the closely related phenyl 
radical whose vaIues are a&W&O = 17.4 , aWFeta = 
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TabIe 1 
ESR parameters of the cation-radicri of pyridine as determined from the simuIarion_ Numbers in parentheses represent the ulcu- 
Iated %tIues in gauss units. B (in degree) represents the engIe of rotation of coordinates for the principal talues of the hy perfine 
coupting constrmtsc (in gauss) Wative to :he coordinate system,x and_r_ An example of 8 is dhpictcd for the ortho proton in the 
Inset 

+ --I_ 

.%w = 2.0032 g-T = 2.0033 g-1. = 3.0026 g_ = 2.0037 r( yt!I $-&zTe 

=iso =x c_r* It, +x+ 

N 41.0 (51.8) -11.4 (-9.5) 22.4 (16.9) -10.0 (-7.4) 0.0 

1*ort ho 29.3 (17.8) 5.4 -3.4 -3.0 160 
11 men 8.6 (S-71) 2.0 -0.9 -1.1 02 

iIp;tn. Il.2(II.Y) O-1 0-I -0.2 0.0 

s-Y,QkQ pm = 19 G f II]_ The initial guess for the 

isotropik hfc constants was estimated by an INDO cal- 

culation, and is included in table 1_ They agree with 
the fmal parameters obtained by simulation within 
roughIy 30% except for the case of ortho hydrogens- 
This seems to imply an extra cause of spin deiocaiiza- 
tion between nitrogen and the adjacent hydrogens. 
The main spectraf pattern of the tripIet was reproduced 
for all pyridines with czNjso = 41 G. A few percent vari- 
ation around this value c&d reproduce the main fm- 
ture which means that Q _ Iso,N Iies within the range of 

30 to 43 G. The anisotropic hfc constants of nitrogen 
were estimated by using the McConnelI-Strathdee rela- 
tion in wmbination with the INDO MO’s and were 

improved by repeated curve fittings [13]. The princi- 
pal vahtes of the A tensor of nitrogen attained in this 
way are aIso in agreement with the initial calcuktted 
vaiues within 30% The anisotropies of the proton hfc 
constants were found small and the parameters in 
tabfe I were chosen on the basis of generaI agreement 
of the spectrum. The anisotropy of tbeg factor was 
estimated by a standard procedure with reference to 
the photoelectron spectrum ofpyridine for the orbit- 
J energies [ I]. The general pattern of simulated spec- 
tra remained more or less the same against the change 
of caIcuIated g tensors in the vicinity of the values 
listed In tabIe I _ 

The assignment of the o-type cation also accotmts 
for the observed optical spectra of pyridiue-TCFM 
systems as shown in fig. 3: Although the system freezes 
to an opaque ~Iy~ystalI~e solid, the absorption spec- 
tra could be measured with the thickness of sampbs 
reduced to 0.5 mm. The spectra in fig. 3 are obtained 
as the difference of absorptions before and after irra- 

Fig_ 3. Optical spectrum of p_yridine otion (upper) and pboto- 
etecrron spectrum of pyridine (Iouer). The solid nnd the 
dotted curves in the optic& spectrum represent the spectra of 
pyridine in TCFX and TCFM abne, respectively_ Both are ir- 
radiated ta the same radiation dose, therefore the absorbances 
indicate the relrttiw intensities of the pyridine c&ion (sohd 
cnn e) and the “bac+pound” signa (broken curve).. 

diation at 77 K to the same dose for the samples with 
and without pyridine. Contrary to the ESR spectra of 
the various pyridines the optica spectra are almost 
identical among the p_yridines studied as they shouId 
be. The optical spectra at 4 K were not measurable 
due to a technical reason, but the spectra at 77 K in 
fig_ 3 may be considered to impart essential features of 
the cation despite the assumed weak interaction of the 
cation with the matrix_ Then, the optical spectra are 
compatible with the photoelectron spectrum of pyri- 
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dine because the two optically alfowed transitions at 
about 1-6 and 4.1 eV predictable from the photoelec- 
tcon spectrum seem to correspond to the optical ab- 

sorption bands at X,, = 450 nm and 3 I Cl nm_ 
A question remains why the pyridine embedded in 

TCFM is o.xidized to its genuine cation by the charge 
transfer whik in the Freon mixture the positive charge 
cannot overcome the barrier between the matrix mol- 
ecuIa and the pyridine mokcufe. Since the ionization 
potentiak of TCFM, TFDBE, and pyridine are report- 
ed rep 1. IS, 11.4,and 9_6eV_respecti&y [I.i4], the 
e.xothermicities of the charge transfer From matrix to 
pyridine are 22 eV for pyridine-TCFM systems and 
123 eV for pyridine-FM systems (ii Freon mixture 
the charge is assumed to migrate between TFDBE mot- 
e&es since the ionization potentiat is lower than that 
of the other component). It is not ciear whether or not 
this difference in the excess energy is decisive in the 
successful charge transfer to pyridine.. In any case it 
seems that the charge transfer in the present systems 
is an all-or-none process depending on the nature of 
the mat&moIecuIe_ 

In conclusion, the choice of TCJ?M and the tempen- 
turt? of 4 K has led to the detection of the elusive pyri- 
dine G&& and the ution is characterized by the ESR 
parameters compikd in tabIe I _ 
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