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Figure 2. log k" vs pH plot (@) of antibody (30C6) catalyzed reaction
of 3. The calculated line was obtained by using k., = k,[K,/(K, +
ay)]. log ks vs pH (A) of 3 extrapolated to zero buffer concentration.
The calculated line was obtained by using kowd® = ko + kgu-[OHT].
Values for kg, K,, ko, and kgy- are listed in the text.

The initial rate of hydrolysis of 3 (50 mM phosphate, 100 mM
NaCl, pH 7.2, 37 °C) catalyzed by 30C6 (20 uM) followed
Michaelis—Menten kinetics'® with values of &, and K|, of (5
% 0.2) X 107 min™ and 1.12 £ 0.05 mM, respectively. The
antibody-catalyzed hydrolysis of benzoate 3 was competitively
inhibited (K; = 83 £ 5 uM) by the addition of pyridinium salt
1b. The pH dependence of the hydrolysis of 3 was examined in
the presence of 30C6 (20 uM) between pH 6.0 and 7.2 (Bis-tris)
and pH 7.2 and 8.0 (phosphate), both at 50 mM buffer and 100
mM NaCl, 37 °C (Figure 2). The pH dependence of k2P
reveals participation by the basic form of a dissociable group,
whose pK, was determined to be 6.26 + 0.05 (Figure 2). Variation
of the buffer ion concentration (12.5-50 mM) showed no de-
pendency on k., on the presence of buffer species. For direct
comparison, we measured the rates of hydrolysis (k) of 3 over
the idential pH region extrapolated to zero buffer concentration
(Figure 2). The pH rate profile implicated the species'! involved
in cleavage to be water in the pH region of 6.0-6.5 (k, = 0.6 X
10 min™') and hydroxide from pH 6.6 and above (kgy- = 4.2
X 1072 min™). The ratio of k./ko, 2 comparison of the pH-in-
dependent antibody-catalyzed rate of 3 to that in water, corre-
sponds to a rate acceleration by the antibody of over 1,000,000-
fold. Significantly, the pH optimum of the antibody-catalyzed
reaction has been moved into the neutral pH region by partici-
pation by as yet an unidentified amino acid.

We foresee an ensemble of multiple charges which might
produce a number of catalytic groups giving us an additive rate
effect. This possibility combined with access to a much larger
repertoire of potential catalytic antibodies'? improves the prob-
ability of developing superior catalysts.

(10) Concentrations of 4 were determined by HPLC measurements of its
peak height relative to that of an internal standard over 1-2 h (three or more
determinations). A standard curve showed linearity with concentrations of
4 up t0 0.5 mM.
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Fourier transform ion cyclotron resonance (FT/ICR) mass
spectrometry is the most versatile and widely used technique for
analysis of gas-phase ion/molecule reaction pathways, kinetics,
equilibria, and energetics and is also suitable for a wide range of
analytical applications, as summarized in numerous recent re-
views."12 A powerful tool in such studies is the collision-induced
dissociation (CID, also known as CAD, collision-activated dis-
sociation) technique, in which ions are first accelerated to higher
translational energy (in this case, by increase in ICR orbital radius
in an ICR ion trap);*!* subsequent ion-neutral collisions (e.g., with
Ar atoms) then result in fragmentation of the parent ion to give
daughter ions. The structure of the parent ion may then be
inferred from the masses of the daughter ions'*!* and/or the
neutral fragments lost.!> From the radius r, of that ICR orbit,
the ion orbital translational energy is readily found:!¢

¢*Br
2m

KE = (ST units) )

in which g is ionic charge, m is ionic mass, and By is the applied
magnetic field strength. For example, the energy threshold for
collision-induced dissociation may be determined from eq | by
increasing the ICR radius (and thus ion translational energy) until
the desired collision-induced dissociation is observed.®!3

Up to now, the translational energy of the accelerated ions in
such experiments was computed from the measured radio-fre-
quency (rf) excitation voltage amplitude and duration. Unfor-
tunately, the equation on which all such prior computations have
been based is valid only for electrodes of infinte extent!” and
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Figure 1. Theoretical FT/ICR detected signal magnitude [®, M(w,); B,
M(3wg)] vs ICR orbital radius, r, computed for ions at r = 0.05ry,,,
0.157maxs 0.257 g s 0.95754x, in @ cubic trap measuring 2ry,, on each
side. The vertical axis is scaled such that the sum of the Fourier coef-
ficients of ali of the harmonics approaches 1.00 as r — r,,. Note that
the “third harmonic” signal at frequency 3wyq increases faster with radius
than does the signal at the “fundamental” (or “first harmonic™) fre-
quency, wq (see text and Figure 2).

substantially overestimates ion radius and energy (e.g., by about
39% and 93% for a cubic trap).!® Moreover, the error is a function
of ion trap shape and ion excitation conditions [single frequency'®%
vs frequency sweep?!22 vs stored waveform (SWIFT),? etc.] and
is thus not easily computed in practice.

In work to be reported fully elsewhere,2* we have computed
analytically the detected ICR signal for ion traps of finite di-
mensions and various shapes [i.e., circular or square cross section,
with arbitrary length-to-width (“aspect”) ratio]. As the ICR
orbital radius increases, there is a nearly linear increase in the
ICR signal detected at the “fundamental” orbital cyclotron fre-
quency, wg = gBy/m (see Figure 1). In addition, there is an even
faster nonlinear increase in the magnitude of new signals at
odd-integer multiples of wy: namely, 3wy (see Figure 1), Swq, 7wy,
etc.

A simple and striking consequence of this behavior is that the
ratio, M(3wq)/ M(wy), of the magnitudes of the peaks at 3wy and
wq varies monotonically with ICR orbital radius, as shown in
Figure 2 for cubic?® and cylindrical?6 ion traps.’ Thus, a simple
measurement of the peak magnitude ratio from Figure 2 provides
an absolute measure of ICR orbital radius (and thus ion trans-
lational energy), without any need to know the excitation con-
ditions that placed the ion at that radius. Thus, ion cyclotron
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Figure 2. Theoretical ratio, M(3wy)/ M(w,), of the magnitudes of the
peaks at 3wy and w as a function of ICR orbital radius, 7, for ions whose
(circular) ion cyclotron orbits are centered at the geometric center of a
cubic or cylindrical (length = diameter) ion trap. This graph can be used
to determine the ICR orbital radius (and thus ion orbital translation
energy from eq 1) directly from experimental FT/ICR magnitude-mode
peak height ratio, without any knowledge of the excitation conditions that
placed the ions in that orbit (see text).

orbital radius (and energy) may now be determined simply and
easily from a single experimental measurement.

The ICR orbital radius and/or energy determination made
available by Figure 2 have several obvious important uses. First,
it should now be possible to determine the energy of translationally
excited ions in CID experiments, as noted above. Second, the ICR
orbital radius determined from Figure 2 may be compared to the
radius calculated from experimentally measured radio-frequency
excitation voltage magnitude and duration, based on recently
derived analytic expressions.!® Thus, it should be possible to
characterize quantitatively longitudinal excitation and/or “z-
ejection” 262831 regylting from inhomogeneous radio-frequency
electric-field excitation. For example, experiments in progress®*
establish that a distribution in ICR orbital radii can result from
differential initial or excited z-oscillation magnitude. Third, plots
such as those in Figure 2 may be used to compare the calculated
and actual ICR orbital radius resulting from excitation in ion traps
for which the static®? or rf*334 electric fields have been shimmed
by segmentation®>>" and /or addition of grounded*? or charged?3
electrodes. Finally, by measuring ICR orbital radius (from Figure
2) as a function of the time delay between excitation and detection,
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one may test directly various models for ICR signal damping (e.g.,
phase randomization vs frictional damping).’®

The present results are quite general. The shape and position
of the smooth curves in Figure 2 depend on ion trap cross-sectional
shape (e.g., square or circular) and aspect ratio, but a given curve
has the same shape for any size trap of a given shape, as will be
described in detail elsewhere.?
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Short-lived carbocations have recently become accessible for
study in nucleophilic environments, due to the development and
application of fast-response radiation-chemical and photochemical
methods. These involve four different types of cation production:
(1) formation of a radical R* followed by its one-electron oxidation
with metal ions,? (2) photoheterolysis of RX,>19 (3) photo-
protonation of a C=C double bond,%'! and (4) heterolysis of
radical cations to give radicals and cations.'>!* Concerning the
radical oxidation method (1),'2 its obvious attractiveness lies in
the fact that an enormously large number of radicals of the most
diverse nature can be selectively produced by photochemical and,
particularly, by radiation-chemical methods,'* making the cor-
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responding carbocations accessible after one-electron oxidation.
However, an intrinsic drawback is that one-electron oxidation of
the radical R* to give the cation R* is a bimolecular process, the
rate of which depends on the concentration of oxidant. In practice,
the concentration of oxidant is often limited to ~1 mM, which
means that, if the rate constant for oxidation of R* is 10°-10'°
M- 57! (i.e., diffusion control), the rate of R* formation is ~
106-107 s™'. Cations with lifetimes <100 ns can therefore not be
studied with this method. A faster method of converting R* into
R* is therefore desirable, and it is in this respect that photoion-
ization of R* is an attractive possibility.

Aqueous solutions containing 0.4 mM triphenylacetic acid at
pH 7-10, where the carboxyl group is ionized, were photolyzed
with 20-ns pulses (10-100 mJ) of 248-nm light from a Lambda
Physik EMG103MSC excimer laser, and the time-dependent
optical and conductance changes were recorded with Tektronix
7612 and 7912 transient recorders interfaced with a DEC LSI
11/73* computer, which also controlled the other functions of the
instrument and performed on-line analysis of the experimental
data.'’> As shown in Figure 1 (triangles), the photolysis leads
to depletion of the parent (at 235 nm), to production of the
triphenylmethyl radical (with its characteristic peak at 336 nm!'®),
and to the hydrated electron, e,;” (which causes the broad band
with A(max) at 720 nm'”?). In agreement with this assignment,
the 720-nm band (triangles) can be removed by admitting typical
€, scavengers such as O,, N,O, or halogenated hydrocarbons
such as CH,Cl, or HOCH,CH,CI to the aqueous solutions (see
Figure | (circles)). For HOCH,CH,CI, the rate constant for
reaction with e,,” was determined as 4.2 X 108 M™! s7',1% in
agreement with Titerature values.!”

The yield of PhyC* and of e, increases with the square of the
incident laser power, varied in the range 0-40 mJ/pulse, which
means that the production of Ph;C* and e,,~ from Ph;CCO,”
requires two photons (eq la). Ph,C* could be generated bipho-
tonically also from Ph,CH (eq 1b) or by reaction of Ph,CH or
Ph,CCO,~ with photochemically (eq 2a) or radiation-chemically
(eq 2b) produced SO, €q 3, indicating that the common pre-
cursor is the radical cation. Rapid decarboxylation or depro-
tonation of one-electron-oxidized phenylacetic acid and toluene
derivatives is well documented.?®

hv
248 nm

Ph,CCO,” ——> Ph,CCO;™ PhyC* + CO, + e

(la)

d Y L phyCt 4+ H 46y (Ib)

Ph,CH*
248 nm 248 nm

Ph,CH
a

S,04 —2— 250, 5,04 + .- —> SO + SO,~ (2

205" —— 47 51057 + ey 4 s (2)

80,~/-80%F

Ph3CR Ph3CR.+ g Ph3C' + R+, R = H, COZ_

(3)
As seen in inset b of Figure 1, Ph;C* produced by biphotonic
ionization of PhyCCQ, is quite long-lived (it decays bimolecularly

on a longer time scale). After a few microseconds (typically 1-8
us), the solution was subjected to a second 20-ns laser pulse?' either

D
or 2hy /¢
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