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Dimer and trimer radical cations of benzene, toluene, and xylenes were produced selectivehredtiation

in low-temperature 2-methylpentane matrices with electron scavengers: oxygean(3echbutyl chloride
(secBuUCl). The charge resonance (CR) band of the trimer radical catigh) (oduced via the corresponding
dimer radical cation (M) is clearly seen in the solution containing & the temperature increases over a
range from 80 to 90 K. Ir-xylene solution, a fairly strong and distinctsMCR absorption is observed; this

is due to the large M/M,* relative extinction coefficient. All benzene derivatives show an equilibrium
between dimer and trimer radical cations~a®0 K; however, the equilibrium constants of toluene and the
xylenes are considerably lower than that of benzene. Formation of the trimer radical cation is inhibited in
secBuCl, which has commonly been used as a low-temperature optical matrix for producing cationic species.
An ab initio DFT method is applied to predict the geometry affMgiving “slipped sandwich” (for benzene,
m-xylene, andp-xylene) and “slipped fan-shaped” (toluene amdylene) structures as the most plausible
geometries. The experimentally observed spectroscopic parameters reflect well those predicted by TD-DFT
calculation based on geometry, suggesting strong dependence of the geomefryoofbstitution patterns.

This is the first report not only of direct spectroscopic observation of aromatic trimer radical cations in the
condensed phase but also on the quantitative analysis of their equilibria.

Introduction from that in the gas phase, in which absorption maxima show
a slight shift between BZ and Bz*. A dimer ion core model

is proposed in the gas pha¥ehowever, the configuration of
the ion core seems to change depending on high viscosity or a
thermal effect in the matrices as the temperature changes from
82 to 85 K. Calculation of the electronic state of;Bdy the

pulse radiolysis; laser photolysi§~1> and photodissociation bt method suggests charge delocalization among the three
of cluster cationd®'® In spectroscopic studies, the charge ,qjecules.

resonance band (CR band), which corresponds to the transi- |4 this work, we have investigated the radical cations of

tion of a x-electron between the bonding and antibonding ey 1substituted benzene derivativesitradiated 2-MP. The
state of the dimer radical cation, is observed in the near-infrared absorption spectra were measured by precisely controlling the
(IR) region. In addition, the electronic structure of the (emperature as the matrix viscosity was loosened. Because 2-MP
benzene dimer radical cation has recently been investigatedig 5 solvent in which both cation and anion species are produced,
based on theoretical calculatiols?* Radical cations of benzene  gjactron scavengers were added to the solutions. Oxyggn (O
are 3'502;1;90' as a medium of hole transfer to a dielectric jg 5 effective electron scavenger which does not have any
polymer: serious optical effects on the systéfrlkyl halides have also
In the condensed phase, some studies on multimer radicalbeen Comm0n|y used as scavengers. The dependence of absorp_

cations ( > 3) of aromatic molecules such as coronene, tjon on the type of scavenger present was studied. The electronic
naphthalene and biphenyl have been repotté#i?*Benzene  states and configurations of the dimer radical cation and trimer
aggregate cationsn(> 3) have been investigated using radical cation are discussed based on DFT calculations. These

photodissociation experiments in gas phds@/e previously  studies may provide important insights into the nature of charged
reported the formation of a trimer radical cation of benzene penzene aggregates.

(Bzs") in y-irradiated 2-methylpentane (2-MP) matric€g.he
CR band attributed to BZ (~1400 nm) was observed to have Experimental Section
an isosbestic point with the dimer radical cation of benzene

(Bzz") (=900 nm) as the temperature was increased from 82 to b
85 K. The shift of absorption maxima in the matrices is different fr

The radical cation of benzene forms a dimeric configuration
in which charge is localized between two benzene molecules.
The evidence has been investigated by ES&hd by spectro-
scopic methods such asirradiation at low temperature;°

Sample solutions in 2.0 mm thick Suprasil quartz cells were
ubbled with Q gas & 99.99%) for 5 min. The solutions were
ozen rapidly under liquid B and irradiated by-rays from a
60Co source fo 1 h at thelnstitute of Scientific and Industrial
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Figure 1. Absorption spectra of 2.& 107t M, 1.0 x 107t M, and 0.5x 1072 M toluene in 2-MP with Q. The spectra were recorded at 82 K (a)
and 86 K (b).
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Figure 2. Absorption spectra of 2.& 10! M toluene in 2-MP with Q at (a) 84-87 K and (b) 88-94 K aftery-irradiation.

80 K with a slow heating rate<0.4 K/min), and was stabilized  n-butyl chloride and isopentane mixture at 77 K (926 rdrfihis
within £0.1 K for at least 2 min before each measurement. difference is probably due to variation in experimental condi-
Absorption spectra were recorded using a UV-3100PC (Shi- tions, such as solvents and temperature. The CR band is
madzu, 306-2000 nm) spectrophotometer. Details of the set enhanced as the concentration of toluene is increased at 82 K.
of apparatus used are described elsewPfeReagents were  This dependence has been reported as one proof for the
purchased from Aldrich. Benzene (99.9%}xylene (98%),  formation of My*. The absorption at 440 nm, which shows

m-xylene (99%),p-xylene (99%), 2-MP (99%), ansecbutyl similar concentration dependence to the CR band, is assigned

chloride 6ecBuCl) were used as received. Toluene (99.8%) similarly to the local excitation (LE) band of .18 New

was used after reflux distillation. absorption bands are observed around 1400 nm as the temper-
) ) ature increases, as shown in Figure 2. The absorption band is

Results and Discussion emphasized as the toluene concentration is increased. Figure 2

shows a clear isosbestic point between the CR band gf M
and the new absorption at 885 K. The decrease of the CR
band and the new absorption due to recombination,ofadions

(1) Absorption Spectra of Benzene Derivatives in 2-Me-
thylpentane. Figure 1 shows the absorption spectra of O
saturated toluene solutions jnirradiated 2-MP at 82 K. The ) § )
dissolved G scavenges electrons, with the result that formation P€comes clear above 86 K. It is suggested that intermediates
of radical solute anions is suppressed in the matfi¢@hese  With absorption ats 1400 nm increase with consumption of
spectra show a large characteristic absorption band at 1040 nnM2". We can also see the disappearance of the new band above
in the near-IR region with a small shoulder at 440 nm. 86 K with spectral shift of M". We assigned the band at
Absorption bands in near-IR region are assigned to the charge1400 nm to the CR band of ¥ of toluene (&), as reported
resonance (CR) band of the dimer radical cation,(M as previously in benzene-2MP solution, in which an isosbestic point
reported for benzene and its derivative solutibri$. The between Bz" and Bz* is also observed clearly. The disap-
absorption maximum (1040 nm) shows good agreement in pearance of the band above 86 K is suggestive of a change in
3-methylpentan&6.7 CCl,,50d and GHoCI®¢ glasses at 77 K,  equilibrium with increasing temperature or transformation to
and it is slightly red-shifted in contrast with that of arradiated other intermediates. The reaction mechanism inftireadiated
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Figure 3. Absorption spectra of 2.& 10 M o-xylene in 2-MP with Q at (a) 84-87 K and (b) 88-94 K aftery-irradiation.
TABLE 1: Absorption Maxima of CR Bands of M ;* and M3*, Ratios of O.D. (Mst/M,"), Ratios of Extinction Coefficient

Maxima (€[M 3*]max/€[M 2" ]max) @and Equilibrium Constants between Ms™ and M,", with Calculated Values for Maximum
Absorption (Avax'°) and Relative Oscillator Strength ,/f3) by TD-DFT

Ama/nM Amax 2/nm
entry M Mzt OD[M3+]/OD[M2+] € G[M 3+]ma)/E[M 2+]maxe KyM™2 Mot M3t folfs
benzene 930 1380 0.9¢ 1.1° 4.1 850 1380 1.0
toluene 1040 1470 0.37 2.0 0.9 930 1550 1.6
o-xylene 10906 1740 0.87 3.4 1.3 1030 1790 1.9
m-xylene 1000 154Q0de 0.23 1.1 1.0 960 1640 0.95
p-xylene 1190 1690' 0.55' 1.6 1.7 1100 1860 1.2

aAt 82 K. PAt 84 K. ©At 86 K. 9At 87 K. ¢ Estimated from differential spectra and Gaussian fitting curves.

matrixes may be summarized as follows: for the case with sufficient electron scavenger. This issue is

discussed in the following section.

2-MPm> 2-MP" + e~ 1) Absorption spectra were also measuredfdarradiatedo-,
" n m-, and p-xylene solutions. Figure 3 shows the absorption
2-MP" +M—M @) spectra of G@-saturated 2.0x 10 M solutions ofo-xylene.
M T+ M = M, " (3) These xylene solutions also show CR bands of fdnd Ms",
3 the latter of which becomes visible with increasing temperature.
M.+ M=M." (4) We can observe the disappearance of thé With spectral shift
2 Ky 3 above 89 K, similar to the toluene solution. These solutions
_ _ showed spectral change fromyMo Ms™ at higher temperatures
e +0,—0; ®) (84 K) compared with benzene and toluene (82 K), although
_ 0, 3 decay of the CR bands due to recombination begins to appear
e tM—[M —M+0, (6) at a similar temperature. The mobility of the counteranions’O

seems similar in these media; however, benzene and toluene

The concentration of Dat the saturation was estimated as  molecules seem to move more easily than the xylene molecules

15.0 mM at 293 K3! It was reported that molecular oxygen

because of their lower steric hindrance. Absorption maxima,

complex gM—0O, CT) which showed slight increase in the

shoulder of the UV spectra in the range of 3@50 nm32 With

decrease in temperature down to 77 K, the shoulder band

constants for Mt and My™ (K4) are summarized in Table K4
is expressed as follows:

attributed to theM—O, CT formation increased gradually, M +]
suggesting an increase in the concentration pirQthe low- +—3 =K, (7
temperature range. According to the precise analysis of the M, "][M]

shoulder band observed for benzene solution in 2-MP at 200

mM concentration, the saturated concentration efa®77 K
was estimated as lower than 25 mM, which was far lower than density of My™ showed a maximum. Below these temperatures,
the benzene concentration in the present cases. Because of thithe system does not seem to reach equilibrium because of the
insufficient concentration of the electron scavenger;; iQitial
formation and recombination processes of anionic species ofmum of My* in m-xylene solution is good agreement with that
benzene derivatives cannot be neglected though electron affinityreported previously.The K, value for each benzene derivative
of Oy is far higher than those of all benzene derivatives used in is smaller than the previously reported equilibrium constants
the present study. This may cause the relative decrease in thef M,™ and M" (K3), 167 ~ 10* M~13 It is suggested that the
yield of cationic species in comparison to the yield observed stabilization of Mt by charge resonance is similar to that of

We calculated eacHK, at the temperature at which the optical

hard matrices effect. The wavelength of the absorption maxi-
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Figure 4. Absorption spectra of 2.& 10°* M m-xylene in 2-MP with Q at (a) 84-87 K and (b) 88-94 K aftery-irradiation.
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Figure 5. Absorption spectra of 2.& 10 M p-xylene in 2-MP with Q at (a) 84-87 K and (b) 88-94 K aftery-irradiation.

M_*. The absorption maximum of 1 in m-xylene solution is y-irradiation. The spectra show a CR band in the near-IR region,
vague even in 2< 10! M solution, whereas that of jt in similarly to the Q-saturated solutions. The absorption maxima
o-xylene solution is as distinct as that of benzene. This is due are in good agreement with that of Bz In comparison to the
to a difference in the ratio of extinction coefficients between spectra recorded for &saturated 2-MP withoutsecbutyl
Mz and My*. The equilibrium of M*™ and My™ of m- and chloride, the initial yield of Bzt shows considerable increase
p-xylenes was also observed in the same low-temperaturein the case of 2-MRkcbutyl chloride system with 200 mM
matrixes as shown in Figures 4 and 5. The absorption maxima,benzene, giving~20 % higher yield of Bz". However with
extinction coefficient ratio, and equilibrium constants are decrease inthe benzene concentration, the difference in the yield
estimated and summarized in Table 1. The extinction coefficient was reduced, and almost equivalent yields were observed in
ratio of o-xylene is calculated to be three times higher than that both G, saturated 2-MP and 2-M&¥cbutyl chloride systems
of mxylene. Therefore, to summarize the above discus#ign,  with benzene at 50 mM concentrated
is depressed by methyl-substitution. One can also observe a new absorption band at 600 nm which
(2) Absorption Spectra of Benzene Derivatives iny-Ir- was not observed in the &aturated solutions. The LE band
radiated secButyl Chloride Glasses.Alkyl halides have been  of Bz;" is concealed by this chromophore at lower temperatures.
used, in the form of solvents or additives, as negative charge The 600 nm band in the visible region was also observed in
scavengers to allow the selective production of solute radical other benzene derivatives; the observed absorptions are sum-
cations by ionizing radiation. Electrons are stabilized as halide marized in Table 2. The 600 nm band decreases at a lower
anions in the matrices or solutions. Radical cations of benzenetemperature than the CR band and LE band of 'BAs the
and its derivatives have also been selectively produced by usingconcentration of benzene is increased, the intensity of the CR
alkyl halides*~” However, the CR bands of M have not been band increases, and the CR band disappears gradually with
observed in benzene and methyl-substituted solutions. Weincreasing temperature from 86 to 90 K. However, the intensity
carried out absorption spectrum measurements of benzeneof the 600 nm band, which is similar in the 0.05 and 0.1 M
solutions insecbutyl chloride to elucidate this discrepancy. solutions, is less in the 0.2 M solution. Figure 7 shows the
Figure 6 shows absorption spectra of benzene solutions inabsorption spectra of 0.2 M benzene solutions in 2-MP with
Ar saturated 2-MP with 10 vol %ecBuCl at 82-94 K after 0—10 vol % secBuCl at 84 K aftery-irradiation. The 600 nm
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Figure 6. Absorption spectra of (a) 2.2 107 M, (b) 1.0 x 107 M,
and (c) 0.5x 1072 M benzene solutions in 2-MP with 10 vol %&¢
BuCl at 82-94 K aftery-irradiation.

band increases as the amount sfcBuCl increases; an
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Figure 7. Absorption spectra of 2.6 10°* M benzene solution in
2-MP with 0—10 vol % secBuCl at 84 K aftery-irradiation.

TABLE 2: Absorption Maxima of CR Bands of Benzene
Derivatives in y-irradiated secBuCl

Amadnm
visible CR band
benzene 470, 590 920
toluene 450, 540 1020
o-xylene 450 490 1090
m-xylene 470,510 990
p-xylene 420, 450 1160

TABLE 3: Optimized Geometrical Parameters of Dimer
and Trimer Radical Cations: Inter-Planar Distances (IPD),
Ring Center Displacements §x and dy), and Rotation and
Tilt Angles (6ot and 67) of the Ring Planes

IPD Ox oy ORot O

entry (nm) (nm) (nm) (deg)  (deg)
(benzene) 0.338 0.0895 0.0134 <05 <0.5
(toluene)* 0.335 0.0360 0.0100 <05 1.0
(o-xylene)* 0.339 0.1068 0.0036 <0.5 1.0
(mexyleney™ 0.334 0.1027 0.0697 6.0 6.8
(p-xylene}* 0.344 0.1092 0.0016 <0.5 <0.5
(benzenegy 0.352 0.0517 0.0914 1.8 1.8
(toluene)}* 0.353 0.0142 0.1277 234 12.7
(o-xylene}™ 0.359 0.1130 0.1130 19.9 2.5
(m-xyleney* 0.353 0.1015 0.0736 2.9 4.4
(p-xyleney™ 0.368 0.1102 0.0273 1.7 <05

as an ionic complex (MA) in which aromatics andecbutyl
chloride share one positive charge. It may be concluded that
the reaction mechanism after positive charge transfer from
solvent to solute is as follows:

(MA) ot —_—
(ionic complex)

M., +A==M," +A (8)

M +A—

Similar types of complexes between aromatic monomer
cations and alkyl halides have previously been propdgéd.
Thus, the presence of alkyl halides may obscure the trimer
radical cation, because the reaction equilibrium favors the

isosbestic point is observed between this band and the CR bandmonomer cation complex. Absorption of 8zs suppressed due

It is likely that Bz is produced by consumption of the species to the formation of the stabilized complex.

responsible for the 600 nm band, because the decay of the 600 (3) Structure of Trimer and Dimer Radical Cation of

nm band is faster than that of the CR band. Deducing from the Benzene DerivativesGeometrical optimization of the dimer
above results, the intermediate chromophore may be identifiedand trimer radical cations of benzene derivatives was performed
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Figure 8. Optimized geometry of dimer radical cations of benzene derivatives with tron density maps of singly occupied molecular orbitals. The
Cartesian coordinates are defined as the ring-diagonal vector of each respective “front” ring in the dimer cation radical.

in this study by the DFT method. The optimized structures of  In contrast to the structures of the dimer radical cations, the
the dimers and trimers, obtained by B3LYP/6-3&@,p) trimers of toluene and-xylene show larger values @f; and
calculations, are displayed in Figures 8 and 9, respectively, with Orot cOmpared to those calculated for the benzengylene,
electron density maps of the singly occupied molecular orbitals. andp-xylene trimer radical cations, which have slipped sandwich
On the basis of the Cartesian coordinates represented in thestructures with small values 6f,. The slipped parallel structure
figures, the structures of the dimers and the trimers are analyzedof the benzene trimer radical cation was reported a&Sya
quantitatively. Displacement of the geometrical centers of the structure withox = + 0.114 nm and IPB= 0.366 nm based on
benzene rings from the corresponding complete parallel stackingthe CASSCF and MRSDCI method®,and this structure was
structures are defined relative to the center of the “front” ring supported by théH hyperfine splitting constants of chemically
(dimer) or to the “central” ring (trimer) adx anddy along the oxidized coronene radical cations as observed by ESR spec-
Cartesian axis. The “tilt” and “rotation” angles of the ring-planes troscopy?* The toluene and-xylene trimer radical cations have
are defined as the angles of the ring-diagonal vectors projectedpeculiar global geometries, as shown in Figure 9. The planes
into y—2z (61) andx—y (Oroy) planes, respectively. The optimized of the three rings are no longer “sandwiched”, and the larger
geometric parameters of the structures are summarized in Tablevalues of6t; and Oro: Se€M to induce “slipped fan-shaped” or
3. The dimers of benzene, toluelexylene, andp-xylene show helical structures. This may be the reason for the considerable
“slipped parallel” structures (stacking of the distorted benzene rise in the molar extinction coefficient of # observed for
rings with some displacement in both (6x) and y (dy) o-xylene.

directions); however, a rotated and tilted ring form is considered  On the basis of the optimized geometry of the dimer and
the most plausible structure for the-xylene dimer radical trimer radical cations of the benzene derivatives, optical
cation. Repulsive interactions between methyl substituents seentransition energy and oscillator strength were calculated by the
to be dominant in toluene;xylene, andn-xylene, but attracting  time-dependent (TD) DFT method with 6-3tG(d,p) basis
forces give a certain stabilization to the dimer pkylene functions. The values are summarized in Table 1 along with
because of the considerable difference in electron density inthe experimentally observed values of absorption maxima and
the methyl substituents. The interplanar distances (IPDs) of themolar extinction coefficients. The changes in transition energies
dimers are distributed between 0.334 and 0.344 nm for all dimer of the dimers and trimers show similar trends both experimen-
radical cations. The values of IPDx, anddy in the “slipped tally and theoretically, with disagreement smaller than 0.13 eV.
parallel” structure of the benzene radical cation shows good The relative values of extinction coefficients and the oscillator
agreement with the forms suggested by other theoretical strengths also reflect the experimentally obtained values, except
calculationg:23b for o-xylene, whose experimental extinction coefficient ratio is
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Figure 9. Optimized geometry of trimer radical cations of benzene derivatives with tron density maps of singly occupied molecular orbitals. The
Cartesian coordinates are defined as the ring-diagonal vector of each respective “center” ring in the trimer cation radical.

extremely high. Another minimum conformer may be found an ab initio DFT method, and “slipped parallel” structures were
for o-xylene, but so far we have not detected any. suggested for the M species of all benzene derivatives.
The concentration of dimer radical cations formed in the However, plausible structures for thesMspecies depended
matrices can be estimated using the calculated values ofstrongly on substitution patterns, with “slipped sandwich”
oscillator strength and extinction coefficient for the transients. structures deduced for benzemexylene, andp-xylene, but
The absorption intensity attributed to the dimer radical cations “slipped fan-shaped” structures for toluene angylene. The
suggests that the dimer yield G(dimersp.15-0.24 (100 eVj?! spectroscopic properties offMand My predicted by TD-DFT
for all the benzene derivatives. This value corresponds to the calculation provide good interpretations of the transient spectra
previously reported free ion yiel@5§ = 0.17—0.21) in 2-MP33 observed in the present study.
which demonstrates the high reliability of the structures and
optical properties calculated in the present study. References and Notes
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