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The technique of multiphoton-induced chemistry (MPIC) has been employed to initiate ion-molecule chemistry of phenol in
n-hexane solution. The technique involves the use of liquid phase multiphoton ionization (MPI) to prepare organic cations,
which then react with the solvent in ion-molecule processes. Products of the ion-molecule chemistry, detected by gas chromatog-
raphy/mass spectroscopy, are phenoxyphenol and hexyloxybenzene. These products depend upon the square of the laser intensity.
It is explicitly shown by pulsed ionization—current measurements, that ionic species are produced as precursors to the observed
products. Moreover, positive ion scavengers inhibit the reactivity. Estimates of the rates and quantum yields for the title process
are given, as are rate data for the inhibition of the reaction by the ion scavenger, decalin. A brief discussion of the mechanism is

also presented.

1. Introduction

The utility of multiphoton ionization as a prepa-
rative tool for ion-molecule chemistry in the gas
phase has been well-established [1]. However, as
suggestive as these results are for reactivity in the
condensed phase, the applicdtion of the technique to
photochemistry in solution has not been widely ex-
ploited. We report, in this communication, one of
the first examples of organic ion-molecule chemistry
initiated by multiphoton ionization in the liquid
phase. To our knowledge, only two other examples
of such a reaction have been reported and one of
those reports was of our earlier MPIC work with ni-
trobenzene in methanol [2,3].

The use of pulse radiolysis to initiate radical and
anion/cation chemistry in the liquid phase is well-
established. In radiation chemistry techniques, the
¢lectron beam interacts mainly with the solvent, so
that the observed reactions involve a large quantity
of reactive solvent molecules interacting with a much
smflller concentration of neutral solute molecules [4].
This inherent indiscriminate ionization/excitation
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may been overcome, to some extent and under par-
ticular circumstances, by various electron or exci-
tation transfer processes, but the presence of a large
and varied number of potential reactants is una-
voidable. The technique described in this report

" overcomes this limitation radiation chemistry. MPIC

ion-molecule chemistry is initiated by the creation
of reactive solute species. The availability of high
resolution lasers and the development of techniques
such as resonantly enhanced multiphoton ionization
permit the selective excitation of the target molecule,
while the solvent remains transparent. The inherent
advantages of the selectivity offered by this tech-
nique are obvious. The reactive cation may be the
initially prepared molecule or a decay product of that
reactant. In this regard, the usual spectroscopic de-
tails of the solute must be known in advance; how-
ever, that information is required for successful ap-
plication of almost any kinetic technique. The
reactant of interest is then allowed to interact with
either solvent molecules or a co-sotute. Reaction with
the solvent cage about the solute merely requires the
generation of geminate pairs, since the ready avail-
ability of the solvent as a reaction partner may ef-
fectively compete with geminate pair recombina-
tion. However, the initiation of a reaction with a co-
solute present in relatively small quantities will nor-
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mally require the assisted generation of free ions
either by application of an electric field to the pho-
tolysis cell or by separation of the geminate pair via
chemical means. This report details the application
of this technique to solutions of phenol in #-hexane.
In the MPIC experiments carried out at 266 nm and
reported here, photoproducts from the bimolecular
reaction of a photo-produced radical cation with both
neutral solvent and solute molecules were observed.
The existence of the new reaction pathways is con-
firmed by the laser intensity dependences of the two
products. By means of pulsed photocurrent mea-
surements, we show the presence of solute cations
and infer their importance in the MPIC process. A
reaction mechanism initiated by means of a two-
photon (1+ 1) ionization process is consistent with
the observations. A significant fraction of the orig-
inal solute molecules are converted into photoprod-
ucts by this process. The utility of MPIC as well as
a brief comparison of the technique with the more
traditional electron beam methods are also discussed.

2. Experimental

"The fourth harmonic of a Nd: YAG lase'r' operatéd

at 10 Hz (pulse length 6 ns, or in some instances, 2.5 ,

ns) was focused through a 15 cm focal length lens
into a liquid ionization/photolysis cell specifically
‘ desngned for these experiments. In the ionization
mode, the cell volume was approximately 4 cm?,
while a smaller volume of 2 cm® was available when
the cell was used only for photochemical measure-
ments. Laser energy was restricted to the range from
100 pJ/pulse to 1 mJ/pulse. The cell consisted of a
5 cm stainless steél cube with six ports bored through
the cube along perpendicular axes and sealed with
quartz windows or stainless steel flanges, as appro-
priate. Polished stainless steel electrodes could be in-
‘serted, with Teﬂon or Macor insulators, through two
of these ports wlth a variable separation. The actual
electrode separation was determined by optlcal mi-
croscopy. All window and flange seals were made with
~ fluorocarbon O-rings. Gas purging experiments uti-
lizing SFs, O, and Ar were carried out and, in these
~ experiments, the gas was allowed to pass through the
cell containing the reaction mixture for a period of
five minutes before sealing the cell. These experi-
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ments were intended to test the effects of electg}
scavenging on product formation. Product iden¥
cation/quantification was made via gas chromafg
raphy/mass spectrometry using dodecane as ."“
ternal standard. Most photolysis results represen(
cumulative effect of 12000 laser pulses (at 6
pulse) or a total irradiation period of 72 us a
exceptions are noted in the text. Standard ex

viations from this norm are also appropriately
At these exposures, a maximum of = 10%
phenol is reacted, depending upon the lase
Photocurrent measurements represent the ave

those employed in photolysis. The concentrati
dictated by the large absorption coefficient of pt
in this spectral region and the need to avoid, as mi
as possible, significant absorption outside of
cal region of the excitation pulse.

Phenol and n-hexane were purchased from
drich (as 99.99% pure). Analyses by the same '(
niques used in the experiments indicated that the
agents used were pure. The n-hexane has an inhel
conductivity which may overwheim the signal a }
tain frequencies; however, this background 1s ‘
significant with phenol as the solute and the’ (,‘.
length set to 266 nm. -Numerous methods f e

from Air Products or Matheson.

3. Results and diséussion

tensities (~5X 107 W cm~2) employed in this st g
the (electronically or vibrationally) excited ph ‘
molecule absorbs an additional photon and is 1S
ized. Two photons of wavelength 266 nm suppl¥ :
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¢V of excitation energy to phenol. The gas phase ion-
jzation potential is reported [6] to be 8.5 eV. The
jonization potential of a molecule in a non-polar sol-
vent is lowered by at least 2 eV due to solvation of
the ion and electron [7]. In the case of phenol, this
effect has been reported to be 4 eV, so that the ion-
jzation potential in hexane solution could be as low
as 4.5 eV [8]; however, this appears to be an over-
estimation of the magnitude of the solvation effect.
In general, the two-photon excited phenol has ~ 3 eV
more energy than is required for ionization and eas-
ily accesses the ionization continuum, even with
rapid dissipative processes in competition. The ap-

pearance potential for the fragments [9], C¢HsO* _

and H, is 3.8 eV, and the fragmentation process
should not readily occur at the two-photon excita-
tion level. In the gas phase [9], multiphoton ioni-
zation mass spectra indicated considerable fragmen-
tation of the parent phenol ion to produce C¢H,O,
CsH¢ and C3HY, but the fragmentation channels
were energy dependent and the relative quantities of
these products were laser frequency dependent. Based
on the known thermodynamics and the gas phase re-

sults, scission of the O-~H bond in the phenol cation
should not be observed until a total of three photons

are absorbed.

O>-o<XOp-on

(n (I

ocsH"s, . ‘

Production of phenbxyphenol and heXyIé.gyben- :

zene. Product analysis by quantitative GC/MS using
an internal standard indicated the production of
phenoxyphenol (I) and hexyloxybenzene (II). The
Quantum yields are Pynenoxyphenor=2.2X 103 and
Dhexyloxybenzene =2.6 X 10=3, both at 0.5. mJ/laser

pulse. The specification of a particular laser energy |

and the use of idéntiqal beam and focusing condi-
tions is essential, since the non-linearity of the ion-
ization process distorts the usual meaning of -the
Quantum yield. The'G value, typically used in ra-
diation chemistry and defined as the number of mol-
ecules changed per 100 eV of energy absorbed, may
be more useful than quantum yield. For the products
observed in this reaction, G(phenoxyphenol ) =0.048
and G(hexyloxybenzene) =0.055, both results are per
100 eV input energy. These products do not result
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from any known linear photochemistry of pheno

[8]. Indeed, the rate of production of these product:
is quadratic in the laser intensity as shown in fig. |

The lines; however, do not pass through the origin

Previous research has shown that the presence of g
non-zero intercept may indicate that the process un-
der observation results from absorption of at least
one photon more than is indicated by the slope of
the best fit line [10]. The inference is that the chem.-
ical yields are actually a result of a three-photon pro-
cess and it has already been shown that this level of
excitation may lead to formation of the phenoxy cat-
ion. The spectroscopic understanding of the low lying
states of phenol is excellent and it is a simple matter

- Phenoxyphenol Production

Coné]l,iser Energ,{r. 10-5 M/mJ
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s N R s B N

Conc./Laser Energy, 10", M/mJ

e
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Fig. 1. Laser energy dependence of the product yields of phen-
oxyphenol and hexyloxybenzene for excitation of 0.001 M solu-
tions of phenol in n-hexane at 266 nm. The results shown are the
cumulative effect of 72 us exposure (12000 laser pulses).
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to assign the ionization of the parent molecule to a
1+1 resonantly enhanced multiphoton ionization
process which proceeds through the B (nn*) reso-
nant level [11,12]. The ions are formed within a sol-
vent cage and proceed to react with surrounding spe-
cies. In the case of hexyloxybenzene, it is the solvent
reacting with the CsHs;O* fragment ion, while for
phenoxyphenol, the fragment ion must encounter a
second, neutral phenol molecule. The results from
the gas saturated liquid samples present additional
data with regard to the nature of the reactions. Elec-
tron scavengers such as SF¢ and O, hinder geminate
recombination and stimulate free ion production
[4,13]. One would expect that the presence of the
scavenger would increase the yield of ion-molecule
products, if free ions were necessary for reactions or
if the reaction occurred through an excited state of
phenol produced by recombination of the geminate
pair. Instead, the data in table I indicate that whether
saturated with O, or SF, the quantum yields are not
significantly different. The implication is that ion
chemistry may compete with geminate palr recom-
bination, rather than result from reactions with free
ions, i.e. the ion—molecule chemistry may, at least in
the case of the hexyloxybenzene formation, occur be-
fore the geminate pairs separate. This is consistent
with the general time scale of geminate recombina-
tion. The range of recombination times covers four
decades, 10~ to 10~7 s; however, it has been shown
in pulsed radiolysis experiments, that certain radical
cations may react with solvent molecules, reducing
the jon lifetime to the minimum of this time range
[13]. However, the reaction to produce the phen-
oxyphenol must mvolve free ions, since the mmally
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Table |
Quantum yields and G(100eV) for scavenging reactions
: -
Conditions Quantum yield Quantum yield
(phenoxyphenot)  (hexyloxybenzene)

1.4x 102 (0.030)
2.8% 102 (0.060)

2.9%10-? (0.060)
2.2% 103 (0.044)
3.0x 10-? (0.063)

6.4x1073(0.14)
< 1.3%1072 (0.27)

1.3x 102 (0.28)
1.5% 107 (0.31)
1.3x 1072 (0.28)

with decalin ®
without decalin *

air saturated ®
oxygen saturated ®
SF, saturated ®

) Laser energy of 0.8 mJ pulse~! and pulse width of 2.5 ns.
®) Laser energy of 0.7 mJ pulse~"! and pulse width of 2.5 ns. The
values in parentheses are G(100eV). 3
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cies, in concentratlons of 0.088 M, decreased N
quantum yield of both products by a factor o” ,
proximately two, indicating that the reactive pri
involved phenol-derived cations. Moreover, the»
ization potential of decalin is 9.6 eV [15], more\
1 eV greater than that of phenol. One would no B
pect, on purely energetic grounds, to observe sin#
charge transfer from phenol to decalin. Howe
is energetically possible for a decalin molecule {8
as a hydrogen atom donor to the phenoxy catiof
regenerate the phenol cation and inhibit the
served chemistry. This process has been observg
other systems [16]. The observation of the
enging behavior of decalin is a further indicat
the presence of the phenoxy cation and, hencg
three-photon excitation. Table 1 contains the
of the quantum yield and G (100 eV) for all
scavenger experiments. Note that the G valueg
flux dependent. e

Fig. 2 presents the phenol concentration deg
dence of the product formation rates. The rafl
phenoxyphenol formation is shown to depend ¢ v
ratically on the phenol concentration, while ]
oxybenzene concentration shows a linear . y«
dence upon this quantlty This is exactly the expg
dependence of these rates based upon a pseudo-
order (in the phenoxy cation concentration) 8
tion. Note that the phenol ion is the initially;
duced species and the reactant, so that the square
dependence of the posmve ion scavenger [17. ,
ically observed in geminate pair studies is noj
plicable to this system. Again, the data suppo
interpretation of the observed chemistry as resuy
from an ion—-molecule reaction. 43

An attempt was made to compare the ion cu
with product formation to directly- correlat
chemistry with ion -production. Time- depent
MPI-induced current measurements were conddl
for the same solutions as were used in the chent]
measurements. Fig. 3 shows a typical trace, a(
as the increase in ion production with mcreasmg ‘
intensity plotted as signal current/laser energy
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{Phenoxyphenol] , x 105 M
-

0 r N . x -
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[Phenol)2 , x 106 M2

[Hexyloxybenzene] , x 106 M

" Phenol] , x 103 M °

Fig. 2. Plot of product formation rates as a function of [phenol]

or [phenol]? for 0.5 mJ incident laser energy. The solid hne is

the least-squares fit to the data.

sus laser energy. The plot is linear indicating that the

initial ion yield is second order in the number. of
photons present. This is further evidence of the ion—

molecule nature of the reaction under study. The ac- -

tual ion yield is somewhat lower than might initially
be expected. The time-integrated number of ions at
0.5 mJ is 102 or 2% of the total photon flux.
This quantity is, however, consistent with the fact
that ion-molecule chemistry is occurring and that

the ions do not sxmply drift, undisturbed, to the

electrodes. b .

These experiments have implications in two very
different fields. The production of reactant ions via
MPI is considerably more selective than production
of the same reactants by pulse radiolysis. Use of MP1
would permit the assignment of the reactive species
in some experiments for which the electron bom-
bardment has created a wide variety of reactive spe-
cies, any one of which may be a participant in the
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Fi lg. 3. (a) Tlme depcndence of the mulnphoton lomzanon fora
10—3M solution of phenol in n-hexane. The trace shown repre-
sents the average over 128 laser pulses at an applied field of 15
kV/cm and a pulse energy of 0.5 mJ. (b) The laser pulse energy
dependence of the signal intensity. The slope of the least-squares
fit shown in the ﬁgure is 1.9. .

1on—molecule chemnstry [4]. The method may also
have synthetic applications and lead to the synthesis
of new products through novel ion, rather than neu-
tral photochemistry. Evidence of such reactivity has
already been reported in the gas phase [18}. .
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