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one may test directly various models for ICR signal damping (e.g., 
phase randomization vs frictional damping).38 

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.24 
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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,1'2 (2) photoheterolysis of RX,3"10 (3) photo-
protonation of a C=C double bond,8,1' and (4) heterolysis of 
radical cations to give radicals and cations.12,13 Concerning the 
radical oxidation method (I),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,14 making the cor-

(1) Steenken, S.; Buschek, J.; McClelland, R. A. J. Am. Chem. Soc. 1986, 
108, 2808. 

(2) McClelland, R. A.; Steenken, S. J. Am. Chem. Soc. 1988, IW, 5860. 
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1983, 1117. Kobayashi, S.; Zhu, Q. Q.; Schnabel, W. Z. Naturforsch. 1988, 
43b, 825. 

(5) Van Ginkel, F. 1. M.; Visser, R. J.; Varma, C. A. G. O.; Lodder, G. 
J. Photochem. 1985, 30, 453. 
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108, 7023. 
(8) McClelland, R. A.; Kanagasabapathy, V. M.; Steenken, S. Ibid. 1988, 

//0,6913. 
(9) McClelland, R. A.; Banait, N.; Steenken, S. Ibid. 1989, / / / , 2929. 
(10) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S.; Steenken, 

S. Ibid. 1989, / / / ,3966. 
(11) Wan, P.; Yates, K. Rev. Chem. Interned. 1984, 5, 157. 
(12) Steenken, S.; McClelland, R. A. J. Am. Chem. Soc. 1989, / / / , 4967. 
(13) The radical cation fragmentation method was pioneered by Dorfman, 

who however used it (with organometallics as substrates) in nonnucleophilic 
and non-ionizing solvents: Dorfman, L. M.; Sujdak, R. J.; Bockrath, B. Ace. 
Chem. Res. 1976, 9, 352. 

(14) For reviews, see, e.g.: Henglein, A.; Schnabel, W.; Wendenburg, J. 
Einfuhrung in die Strahlenchemie; Verlag Chemie: Weinheim, 1969. Spinks, 
J. W. T.; Woods, R. J. An Introduction to Radiation Chemistry; Wiley: New 
York, 1976. Neta, P. Adv. Phys. Org. Chem. 1976, 12, 2. Swallow, A. J. 
Prog. React. Kinet. 1978, 9, 195. Butler, J.; Hoey, B. M.; Swallow, A. J. 
Radiation Chemistry; J. Chem. Soc, Annual Reports C; London, 1986; p 
129 and earlier reports in this series. Farhataziz, Rodgers, M. A. J., Eds.; 
Radiation Chemistry. Principles and Applications; Verlag Chemie: Wein­
heim, 1987. 

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 ^'molecular 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 109-1010 

M"1 s"1 (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.15 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 nm16), 
and to the hydrated electron, eaq~ (which causes the broad band 
with \(max) at 720 nm17). In agreement with this assignment, 
the 720-nm band (triangles) can be removed by admitting typical 
eaq~ scavengers such as O2, N2O, or halogenated hydrocarbons 
such as CH2Cl2 or HOCH2CH2Cl to the aqueous solutions (see 
Figure 1 (circles)). For HOCH2CH2Cl, the rate constant for 
reaction with eaq" was determined as 4.2 X 108 M"1 s"1,18 in 
agreement with literature values." 

The yield of Ph3C 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 Ph3C* and eaq~ from Ph3CCO2" 
requires two photons (eq la). Ph3C" could be generated bipho-
tonically also from Ph3CH (eq lb) or by reaction of Ph3CH or 
Ph3CCO2" with photochemically (eq 2a) or radiation-chemically 
(eq 2b) produced SO4*", eq 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.20 

Ph3CCO2" 
hi 

- Ph3CCO2- 1 ^ r Ph3C* + CO2 + eaq-

(Ia) 
hv hv 

Ph3CH • Ph3CH* Ph3C + H+ + ea, 248 „m " 3 ^ ^ " ^ C a q ( l b ) 

'2^8 -p— 2SO4-; S2O8
2" + ea,- -±* SO4

2" + SO4- (2) 

SO4"/-SO4
2" 

Ph3CR • Ph3CR'+ 
or 2AiV-C" 

Ph3C- + R+; R = H, COf 

(3) 

As seen in inset b of Figure 1, Ph3C* produced by biphotonic 
ionization of Ph3CCO2" is quite long-lived (it decays bimolecularly 
on a longer time scale). After a few microseconds (typically 1-8 
MS), the solution was subjected to a second 20-ns laser pulse21 either 

(15) Trinoga, R.; Reikowski, F.; Lenk, H.; Steenken, S., to be published. 
(16) Taub, I. A.; Harter, D. A.; Sauer, M. C; Dorfman, L. M. J. Chem. 

Phys. 1964, 41, 979. 
(17) Hug, G. L. Natl. Stand. Ref. Data Ser. 1981, 69, 6. 
(18) &(e„-+HOCH2CH2Cl) was determined as 4.8 X 10» M"1 s'1 by using 

ea<|- produced from the 248-nm photolysis of KI. 
(19) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, A. B. J. Phys. 

Chem. Ref. Data 1988, 17, 513. 
(20) Norman, R. O. C; Storey, P. M. J. Chem. Soc. B 1970, 1099. 

Gilbert, B. C; Scarratt, C. J.; Thomas, C. B.; Young, J. J. Chem. Soc., Perkin 
Trans. 2 1987, 371. See also ref 12 and references therein. 

(21) For information on the technique of "tandem" laser experiments, see, 
e.g.: Mehnert, R.; Brede, O.; Helmstreit, W. Z. Chem. 1975, 15, 448. Na-
garajan, V.; Fessenden, R. W. Chem. Phys. Lett. 1984, 112, 207; J. Phys. 
Chem. 1985, 89, 2330; 1989, 93, 6095 and references therein. See also refs 
22 and 26. 
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Figure 1. Absorption spectra of transients produced by photolysis of a 0.4 mM solution of triphenylacetic acid at pH 7.5, deoxygenated with Ar. The 
arrows indicate the pulse positions. Triangles: AOD recorded 560 ns after the first pulse (with 248-nm light, 20-ns duration). Circles: 0.12 M 
HOCH2CHjCl added to scavenge eaq". Squares: spectrum recorded 320 ns after the second pulse (308-nm light, 20 ns), delayed 1 MS from the first. 
Crosses: absorption spectrum of Ph3C

+ in 60% H2SO4 obtained by dissolving 0.04 mM Ph3COH. Inset a shows the spectrum recorded 530 ns after 
the second pulse in the presence of 1 mM NaN3, added to scavenge Ph3C

+. Insets b-d show (b) the depletion of Ph3C
+ at 336 nm and (c) the formation 

of Ph3C
+ at 420 nm and (d) of eaq" at 650 nm. The remaining insets show the decay of Ph3C

+, by reaction with H2O: solution e contains 0.3 mM 
Ph3CH in H2O-CH3CN, 2:1 (v/v), at pH 4, and f and g are 0.4 mM Ph3CCO2" in H2O at pH 10. 

with 308 nm (10-40 mJ) or with 248 nm (20-100 mJ) from a 
Lambda Physik EMG 150 E laser. The delay between the first 
pulse (the "synthesis pulse"22) and the second (the "photolysis 
pulse"22) could be varied from 10 ns to the millisecond range by 
a computer-controlled delay generator. 

From inset b it is evident that the second pulse (308 nm) leads 
to a depletion of Ph 3C. By this reaction is produced a transient 
that absorbs at 420 nm (inset c) and one at 650 nm (inset d). The 
spectrum of the latter (not shown; it is broad with a peak at «720 
nm) is assigned to eaq~, essentially on the basis of its reactivity23 

with eaq" scavengers. The formation of eaq~ resulting from the 
depletion of Ph3C* by the second pulse shows that this process 
is photoionization. The yield of eaq" (and of Ph3C+, see below) 
was linearly dependent on the photon flux at 308 nm, suggesting 
that the photoionization is a monophotonic process. The ther­
modynamics of this reaction are in line with this conclusion. The 
IP of Ph3C* is 7.26 eV, a 308-nm photon provides 4.03 eV, and 
the missing 3.2 eV can be supplied by the hydration energy of 
eaq~ and a cation, which amounts to 2.5-3.5 eV.24 

In Figure 1 (squares) is shown the absorption spectrum of the 
transient absorbing in the 400-450-nm region (in a solution 
containing HOCH2CH2Cl to scavenge eaq~), and the spectrum 
is compared with that (crosses) of Ph3C+ in 60% H2SO4. The 
spectra are obviously very similar25 (also with that7 of photo-

(22) (a) Scaiano, J. C; Tanner, M.; Weir, D. /. Am. Chem. Soc. 1985, 
107,4396. (b) Scaiano, J. C; Johnston, L. J.; McGimpsey, W. 0.; Weir, D. 
Ace. Chem. Res. 1988, 21, 22. (c) Scaiano, J. C; Johnston, L. J. Org. 
Photochem. 1989, 10, 309. 

(23) The reactivity of eaq" produced by the second pulse is the same as that 
by the first and equal with values from the literature (see ref 19). 

(24) Braun, M.; Fan, J. Y.; Fuss, W.; Kompa, K. L.; Muller, G.; Schmid, 
E. In Methods in Laser Spectroscopy; Prior, Y., Ben-Reuven, A., Rosenbluh, 
M., Eds.; Plenum: London, 1986; p 367. 

(25) Close inspection of Figure 1 (squares) shows that there is a shoulder 
at =490 nm which does not belong to Ph3C

+. This signal has been seen 
before26 on photolysis of Ph3C" and tentatively assigned2"'26'27 to the cycli-
zation product, 4a,4b-dihydro-9-phenyIfluorenyl radical (inset a shows the 
"clean" spectrum R*, after removal of Ph3C

+, see text). 
(26) (a) Bromberg, A.; Schmidt, K. H.; Meisel, D. J. Am. Chem. Soc. 

1984, 106, 3056. (b) Ibid. 1985, 107, 83. 
(27) Schmidt, J. A.; Hilinski, E. F. J. Am. Chem. Soc. 1988, 110, 4036 

and references therein. 

heterolytically produced Ph3C+ in water-acetonitrile mixtures), 
and the transient produced from Ph3C is thus identified as Ph3C+ 

(see eq 4). From a quantitative comparison of the OD changes 
due to depletion of Ph3C" (e(334 nm) = 3.6 X 104 M"1 cm"1)16 

with those for formation OfPh3C+ (e(428 nm) = 3.9 X 104 M"1 

cm"1),7 it is evident that the efficiency of the photochemical 
conversion of Ph 3 C into Ph3C+ is 75-85%. 

Ph 3 C 
248 or 308 nm 

- Ph1C+ + e" 

Ph3C+ + H2O — Ph3COH + H+ 

(4) 

(5) 

Ph3C+ decays in the aqueous solution exponentially, due to its 
reaction with water, eq 5, with k = 1.7 X 105 s"1 at =25 0C, a 
value very similar to that (1.5 X 105 s"1) measured previously7 

in water-acetonitrile mixtures. This decay is seen in insets c and 
f, and it is also demonstrated (inset e) that this process is ac­
companied by a conductance increase in acid solution (due to 
production of H+ , eq 5) and by a conductance decrease (inset g) 
in basic solution (due to removal of OH" by the H+ generated 
in eq 5). The pH-dependent inversion of the polarity of the 
conductance signal is unequivocal evidence for the cationic nature 
of the species responsible for the conductance changes. Further 
support for its identification as Ph3C+ is its reactivity with the 
nucleophile N3". Zc(Ph3C

+ + N3") was measured (by the decay 
at 420 nm) to be 4.2 X 109 M"1 s"1, practically the same as that 
(4.1 X 109) determined7 in water-acetonitrile, 2:1. In inset a is 
shown the spectrum, produced from Ph3C" by the 308-nm pulse, 
that remains after quantitative scavenging of Ph3C+ by N3". The 
spectrum is assigned in terms of 4a,4b-dihydro-9-phenylfluorenyl 
radical, cf. ref 25. 

The trityl cation, Ph3C+, can also be produced from Ph3CCO2" 
or Ph3CH with one pulse of 248-nm light (see, e.g., the prepulse 
trace in inset f)-28 Since this method requires three photons, the 
yield of Ph3C+ increases very strongly with increasing photon 
density. For practical purposes, a pulse power >100 mJ is required 

(28) A 440-nm transient was observed on 30-ps, 266-nm photolysis of 
Ph3CCl in cyclohexane and assigned to excited Ph3C'.27 A cation-chloride 
ion pair is possibly a more reasonable explanation (we thank referee A for 
pointing this out). 
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to obtain noticeable concentrations of Ph3C
+. 

Conclusion. It has been demonstrated that, in a polar solvent 
such as water, a neutral radical can be photoionized to give the 
corresponding carbocation. In most cases, the rate of this con­
version is likely to be limited only by the length of the ionizing 
light pulse, in which case it should be possible to produce and study 
ultrareactive cations with lifetimes, e.g., in the picosecond domain. 
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NMR spectroscopy of high molecular weight compounds suffers 
from overlap problems giving rise to severe difficulties in spectral 
assignments. 3D NMR measurements1 are helpful in simplifying 
spectral patterns but require an enormous amount of computa­
tional effort. Alternatively, filtering methods offer the possibility 
of selectively extracting spectral information from isotope-labeled 
compounds.2 In order to provide maximum sensitivity, these 
so-called editing techniques very often are based on the application 
of polarization transfer protocols in conjunction with proton de­
tection. We are reporting here on such a pulse sequence, which 
allows one to exclusively detect heteronuclear spin systems of the 
type I2S, I and S representing protons and heteronuclei, respec­
tively. This type of selection is extremely useful in discriminating 
asparagine and glutamine side-chain amide protons from those 
located in the peptide backbone, as will be shown for uniformly 
15N-labeled RNase T,. Although the NH2 resonances could be 
identified on the basis of the 0.6 ppm NHD isotope effect, they 
are likely to be covered by other signals, especially in spectra of 
larger proteins. 

In the following, the basic ideas leading to the design of this 
particular 2D NMR experiment are summarized. The large 
heteronuclear one-bond coupling of approximately 90 Hz allows 
fast excitation of proton-heteronucleus multiple-quantum co­
herences, including the nitrogen nucleus as a relay site. Usually, 
the homonuclear coupling constants are 1 order of magnitude 
smaller and require much longer preparation periods. The se­
lection between different spin topologies depends on these cor­
relations. Consequently, resonances from side-chain amides can 
be distinguished from those of backbone amides. 

A modified DEPT sequence has proven to be suitable for the 
stepwise preparation of triple-quantum coherences.3'4 From 
symmetry considerations, we concluded that a time-reversed 
DEPT-type sequence would allow the conversion of the triple-
quantum coherences into detectable single-quantum terms. This 
leads to the pulse sequence depicted in Figure 1. In a back-to-back 
manner, both DEPT pulse clusters flank the evolution period 
during which chemical-shift labeling of protons with the hetero­
nuclei precession frequencies takes place. Proton chemical-shift 
contributions were removed by employing selective inversion of 
proton populations in the middle of the evolution period. Thus, 
triple-quantum and single-quantum coherences were exchanged, 

(1) Griesinger, C; Sorensen, O. W.; Ernst, R. R. J. Mam. Reson. 1987, 
73, 574-579. 

(2) Torchia, D. A.; Sparks, S. W.; Bax, A. Biochemistry 1989, 28, 
5509-5524. 

(3) Dodrell, D. M.; Pegg, D. T.; Bendall, M. R. J. Magn. Reson. 1982, 48, 
323-327. 

(4) Sorensen, O. W.; Jakobsen, H. J. In Pulse Methods in ID and 2D 
Liquid-Phase NMR; W. S. Brey: San Diego, 1988; pp 252-253. 
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Figure 1. Pulse scheme for heteronuclear shift correlation via I2S 
three-quantum coherences. The delay A should match 1/(2JNH). The 
phases are cycled as follows: <p = x, -x; \f/ = x, x, -x, -x, y, y, -y, -y; 
ref = x, -x, -x, x, -y, y, y, -y. 
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Figure 2. Selective heteronuclear shift correlation spectra for terminal 
amide groups in side chains of asparagine and glutamine residues (A) 
and for all amides (B) in uniformly 15N-labeled RNase T1; the 15NH2 
correlations are indicated in the expansion (C). Both spectra are rep­
resented in a pure absorption mode. Prior to FT, the 256 increments of 
2K data points were zero-filled once in t2 and twice in f,. The total 
spectral widths covered 2000 Hz in F1 and 6250 Hz in F1. In order to 
account for relaxation effects, the delay A was set to 5.0 ms, which is 
slightly shorter than l/(2/NH). 

leaving the heteronuclear precession unaffected. 
Since proton chemical shifts are completely refocused, the 

experiment reveals pure absorptive signals in the F2 dimension. 
The signals in F1, owing to delayed ty acquisition, will be 
phase-modulated unless an additional refocusing pulse in the 
nitrogen channel is applied. A refocusing pulse coincident with 
one of the two proton mixing pulses restores the initial phase 
relations, thus allowing the nitrogen signals to be represented in 
a pure absorption mode. Since control of the signal phase is kept 
separate for each species of nucleus, the TPPI method5 is ap­
plicable for phase-sensitive detection of heteronuclear shifts. 

The experiment was performed on a Bruker AM-500 spec­
trometer equipped with a 5 mm reverse broad-band probe tuned 
to a 500.13 MHz proton frequency. A sample of fully "N-labeled 
RNase Ti was obtained from Escherichia coli by recombinant 
techniques.67 The isoenzyme contains nine asparagine and two 

(5) Marion, D.; Wuthrich, K. Biochem. Biophys. Res. Commun. 1983, 
//3,967. 
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