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The triplet state properties of 7-azatryptophan (7AW), 5-hydroxytryptophan (5HW), and the 5HW anion (pH
) 12.3) have been investigated by optically detected magnetic resonance, ODMR, in zero applied field.
Also the triplet state properties of tryptophan (Trp) have been reexamined. Analysis of “slow-passage” ODMR
responses during phosphorescence decay (delayed ODMR) that contain the effects of fast passage is introduced
using Marquardt-Levenberg nonlinear least-squares fitting. The parameters determined by the analysis of
delayed ODMR are the band center frequency (ν0) and bandwidth (ν1/2) of the inhomogeneously broadened
ODMR band, the apparent decay constants of the triplet sublevels, and their relative radiative rate constants.
The values ofν0 and ν1/2 are obtained with greater accuracy than is possible with analysis that does not
account for fast passage effects on the band shape. The kinetic parameters are influenced somewhat by
residual spin-lattice relaxation (SLR) effects, however. The zero-field magnetic resonance frequencies and
band widths have been determined for Trp, 7AW, 5HW, and 5HW anion, along with the apparent kinetic
parameters for Trp and 7AW. Microwave-induced delayed phosphorescence transient responses of 5HW
and its anion are analyzed globally to give kinetic parameters free of residual effects. The ODMR band
widths of 5HW and its anion greatly exceed those of Trp, while those of 7AW are significantly narrower.
The zero-field-splitting (ZFS) parameterE is reduced in 5HW and its anion to about half its value in Trp,
while theE-parameter of 7AW increases by about 10%. Sublevel decay constants relative to Trp are hardly
changed in 5HW, but increase significantly in the anion. Decay constants of Trp increase moderately with
7-aza substitution, as expected from introduction of spin-orbit coupling at the N atom. The pattern of ODMR
bandwidths of Trp and 7AW is consistent with a positive correlation of solvent induced shifts in the ZFSD-
andE-parameters.

Introduction

The amino acid tryptophan (Trp) has been employed exten-
sively as an intrinsic fluorescence probe of protein structure
and function.1,2 Shortly after the introduction of optically
detected magnetic resonance (ODMR) of photoexcited triplet
states,3,4 this method began to be applied to study the phos-
phorescent state of Trp in proteins.5,6 A great deal of informa-
tion concerning protein structure and their interactions has been
uncovered from ODMR measurements made on intrinsic Trp
residues.7

Much interest has been focused recently on tryptophan
analogs whose photophysical properties differ in significant
ways from those of Trp. Negrerie et al.8 have pointed out that
the red-shifted absorbence edge of 7-azatryptophan (7AW)
allows its selective photoexcitation in the presence of a large
excess of Trp. Furthermore, in contrast with Trp, its fluores-
cence decay in protic solvents such as water and alcohols is
very close to being a single exponential, even when incorporated
into a small peptide,9 and its short lifetime in such media allows
its decay to be resolved from that of Trp. Another Trp analog
that has proven of interest is 5-hydroxytryptophan (5HW), which
is similar to 7AW, having a red-shifted absorption edge relative
to Trp and thus being amenable to selective photoexcitation.9,10

Biosynthetic incorporation of 7AW and 5HW into proteins has
been accomplished already in early experiments,11-14 and “bait-
and-switch” methodology using Trp auxotrophs ofEscherichia
coli has been employed more recently15-17 to produce useful
quantities of proteins containing these analogs in place of Trp.

The ability to selectively excite the 7AW and 5HW chro-
mophores when substituted into or bound to proteins in the
presence of excess Trp provides an important spectroscopic
advantage.8-10,16,17 The extreme sensitivity of the singlet excited
state decay processes of 7AW to the local environment that have
been revealed by recent measurements9,10,18suggests its value
as a spectroscopic reporter of its local environment.
The triplet state properties of 7AW and 5HW have received

less attention than have those of the excited singlet state. In
aprotic solvents 7-azaindole forms cyclic internally hydrogen
bonded dimers that undergo efficient internal double proton
tautomerization in the excited singlet state.19,20 The triplet yield
from the tautomer state is low, and most triplet states apparently
originate from oligomers and possibly also from noncyclized
dimers.21,22 In protic solvents such as water and alcohols,
dimerization and oligomer formation are suppressed; the triplet
state is formed at low temperatures by intersystem crossing from
monomers that are hydrogen bonded to solvent molecules.22 At
elevated temperatures tautomerization involving solvent protons
occurs, leading to quenching of the fluorescence and a relatively
short 7AW fluorescence lifetime of ca. 770 ps in H2O,9,10which
is reduced to 140 ps in methanol,9 in which tautomerization
apparently occurs more rapidly. The phosphorescence spectrum
of 7-azaindole exhibits vibronic structure similar to that of
indole; its 0,0-band measured in ethanol glass peaks at 426 nm,
and its phosphorescence lifetime is ca. 2 s.22 The phosphores-
cent state of 5HW has been studied recently in an aqueous buffer
(pH 7.5)-glycerol glass at 77 K.23 Its structured phosphores-
cence resembles that of Trp (although red-shifted) with a poorly
resolved 0,0-band shoulder located at ca. 415 nm and a single-
exponential lifetime of 4.9 s.
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To provide a basis for subsequent ODMR measurements on
7AW and 5HW residues incorporated into and bound to proteins,
we report in this communication the results of our phospho-
rescence and ODMR measurements on the amino acids them-
selves. We report our results on both neutral amino acids
measured at ca. pH 7 and the 5HW anion at high pH, where
the hydroxyl proton at position 5 is ionized. These data are
compared with those obtained for Trp which we have reexam-
ined in this work. In the evaluation of slow-passage ODMR
spectra we have developed a method of analysis24 recently that
accounts for transient effects25 on the ODMR signals that result
from microwave rapid passage during continuous optical
pumping. This method is extended in this communication to
the analysis of slow-passage ODMR spectra that are obtained
during the decay of the phosphorescent state. The advantages
of delayed ODMR measurements have been recognized since
they were initially employed.26 Such spectra normally have
improved signal-to-noise ratios relative to those obtained during
continuous optical pumping because of the absence of fluores-
cence, reduced background phosphorescence, and increased spin
alignment. In addition, the sublevel decay constants obtained
in the analysis are devoid of any influence of optical pumping
kinetics. An algorithm for computer analysis of slow-passage
ODMR spectra obtained during decay of the phosphorescence
is given in the Appendix of this communication.

Experimental Part

L-Tryptophan (>99.5%) was obtained from Fluka, while
L-5HW andD,L-7AW hydrates were from Sigma. They were
used as received. The amino acids were dissolved in 0.01 M
pH 7 phosphate buffer containing 0.1 M NaCl and 10-4 M
EDTA. Ethylene glycol (30% v/v for 7AW; 50% v/v for Trp
and 5HW) was added as cryosolvent. To make the 5HW anion
solution, ca. 10-2 M NaOH was substituted for the phosphate
buffer. The solvent was deoxygenated with Ar gas prior to
adding the solid 5HW, and precautions were taken to exclude
air from the sample. The final amino acid concentrations were
ca. 1 mM.
The sample, contained in a 1 mm i.d. Suprasil tube, was held

in a copper helical slow-wave structure that terminated a
stainless steel coaxial transmission line that was inserted into a
dewar for phosphorescence measurements at 77 K or ODMR
measurements at 1.2 K. All ODMR measurements were made
in the absence of an applied steady magnetic field. Details of
the ODMR spectrometer have been described recently.24

Phosphorescence and some of the slow-passage ODMR mea-
surements during optical pumping were made using a rotating
sector to eliminate fluorescence. The zero-field splittings (ZFS)
and ODMR linewidths of 5HW and 5HW anion were estimated
from these slow-passage measurements. Microwave-induced
delayed phosphorescence (MIDP) measurements27 were made
to obtain sublevel decay constants of 5HW and 5HW anion.
For Trp and 7AW, the sublevel kinetic parameters, relative

radiative rate constants, ZFS, and ODMR linewidths were
obtained by analyzing the ODMR slow-passage responses during
decay of the phosphorescence as described in the Appendix. In
these delayed slow-passage measurements, the sample was
optically pumped at 1.2 K long enough to effectively achieve
photostationary state sublevel populations,Nj

0, j ) x, y, z. At
t ) 0 the excitation was shuttered and the sample was allowed
to decay for a timet0, when a slow microwave sweep through
one of the ODMR transitions and data collection were begun.
The decay was monitored for a time sufficient to collect data
on the slowest components of the response. The experiment
was repeated several times, and the signals were averaged by

computer. A number of decays without microwave sweep were
accumulated and subtracted to obtain the response to be ana-
lyzed. The amplitude of this decay was adjusted so that sub-
traction yielded a zero base line at times prior to the microwave
sweep. The measurement of an ODMR transition was repeated
several times using different microwave sweep rates and delay
times,t0, and the results of the data analyses were averaged by
computer. Each data set consisted of 1024 data points separated
by equal time intervals. The resulting data sets were each fitted
to eq A5 assuming a Gaussian line shape,gn, (eq A3) using a
Marquardt-Levenberg nonlinear least-squares (ø2) minimization
procedure. In this procedure, there are five unknown parameters
to be determined: the band center frequency (ν0), the half-width
at half-height of the Gaussian band shape (ν1/2), the apparent
decay constants of the sublevels undergoing resonance (ki, kj),
and the ratio of their radiative rate constants (Rji). The program
was written in C language and run on a 586 PC.
Relative sublevel quantum yields andNi

0 were obtained by
means of the Shain-Sharnoff microwave desaturation response
experiment.28 The latter were used to calculate theNij

0 (see
Appendix), which then were used as input parameters in the
analysis of the delayed slow-passage responses.

Results

Phosphorescence and Conventional Slow-Passage ODMR.
The phosphorescence spectra of Trp, 7AW, 5HW, and 5HW
anion are shown in Figure 1. Results of the analysis of
phosphorescence decay kinetics at 77 K are presented in Table
1. Conventional slow-passage ODMR measurements in the
presence of continuous optical pumping were carried out on
each of these samples at 1.2 K. The spectra are shown in Figure
2. The Trp (Figure 2a) and 7AW (Figure 2d) phosphorescences
were accompanied by intense overlapping fluorescence; these
spectra were measured using a rotating sector to eliminate this
interference. The high-frequency “noise” in these spectra results
from incomplete signal averaging of the sector modulation. On
the other hand, the emissions of 5HW (Figure 2b) and its anion
(Figure 2c) at the monitored wavelengths consist mostly of
phosphorescence, so a sector was not used in these measure-
ments. As has been noted previously,7 the Trp ODMR spectrum

Figure 1. Phosphorescence spectra of (a) Trp, pH) 7, (b) 5HW, pH
) 7, (c) 5HW, pH) 12.3, and (d) 7AW, pH) 7 in EG-buffer at 77
K. Samples are excited at 302 nm for Trp and 5HW and 296 nm for
7AW. The concentration of each sample is about 10-3 M.
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reveals only two transitions; the highest frequencyD + E
transition is of vanishing intensity. In contrast, the slow-passage
ODMR spectra of 5HW, 5HW anion, and 7AW contain all three
expected transitions each. These are most clearly resolved for
7AW (although the high-frequency transition at ca. 4.1 GHz is
relatively weak). On the other hand, the ODMR bands of 5HW
and its anion are very broad and overlapping. Our assignments
of the band centers of 5HW and its anion are shown by the
vertical arrows in Figure 2. The relatively narrow positive
polarity (i.e., increase in phosphorescence intensity) peak at ca.
2.7 GHz in the 5HW anion spectrum is not assigned. It may
originate from a photoproduct or byproduct of the deprotonation
of 5HW, although precautions were taken to exclude oxygen.
It should be noted that theν1 andν2 transitions of 5HW are of
positive polarity, while theν3 transition has negative polarity.
The opposite pattern occurs for the 5HW anion. Here, and in
the remainder of this communication, the ODMR transitions
are numbered in order of increasing frequency. The ODMR
band center frequencies and bandwidths of 5HW and its anion
were estimated from the spectra in Figure 2 using a Gaussian
fitting routine that neglects fast-passage effects, while those of
Trp and 7AW were obtained from analysis of delayed slow-
passage measurements discussed in the following section.

Delayed Slow-Passage ODMR of Trp and 7AW.The
analysis of delayed slow-passage ODMR measurements using
the algorithm (eq A5) developed in the Appendix requires that
the inhomogeneously broadened ODMR bands are well resolved
from one another. This is not the case for 5HW and its anion
(Figure 2b,c); consequently delayed slow-passage measurements
were limited to Trp and to 7AW, whose ODMR spectra are
well resolved (Figures 2a,d). A typical delayed slow-passage
measurement is illustrated in Figure 3. Delayed slow-passage
ODMR spectra of theν1 andν3 transitions of 7AW obtained
over a range of microwave sweep rates and variable delay times,
t0, are shown in Figures 4 and 5, respectively. A similar set of
measurements for theν1 andν3 transitions of Trp are shown in
Figures 6 and 7, respectively. (Although theν3 transition of
Trp is too weak to be observed during optical pumping because
Nyz

0 ≈ 1, the delayed slow-passage signal is sufficiently
prominent to be analyzed because spin alignment is produced
during the decay of the triplet state.) The predicted responses
based on least-squares minimization of the data sets with respect
to eq A5 are superimposed on the individual data points in
Figures 4-7. A Gaussian band shape for the inhomogeneous
distribution was assumed for all transitions. The predicted
response lies inside the random noise pattern in each case, and
it is clear that there are no obvious systematic variations between
the computed response and the experimental data points. The
results of the analyses are summarized for each of the transitions
in Tables 2-5. It is assumed (see below) that the sublevel
energies of 7AW are arranged in the same order as they are
known to be7 for Trp, i.e.,Ey > Ex > Ez. Tables 2-5 list the
best-fit parameters for each data set, the mean value of each
parameter, and the standard deviation,σ. The standard error
of the mean is approximatelyσ/xn, wheren is the number of
spectra in the data set. Delayed measurements of theν2
transition of Trp and 7AW were carried out as well, but the
details are omitted. The mean values ofν0 andν1/2 obtained
from analysis of the delayed slow passage responses of Trp and
7AW are summarized in Table 6. The parameters for Trp may
be compared with previously reported slow-passage data.

TABLE 1: Phosphorescence 0,0-Band Peak Wavelength and
Decay Analysis of Tryptophan and Analogsa

sample λ0,0 (nm) lifetimeb (s)

Trp 406.7 6.8(100)
5HW, pH 7 412.0 5.2(100)
5HW, pH 12.3 436.0 2.2(50), 1.4(49)
7AW 432.5 3.2(100)

aUncertainties inλ0,0 and lifetimes are(0.3 nm and(0.1 s,
respectively. T ) 77 K. b Initial amplitudes, in percent, are in
parentheses.

Figure 2. Phosphorescence-detected slow-passage ODMR signals of
(a) Trp, pH) 7, (b) 5HW, pH) 7, (c) 5HW, pH) 12.3, and (d)
7AW, pH) 7 in EG-buffer at 1.2 K. The phosphorescence is monitored
at (a) 406.7, (b) 425.0, (c) 436.0, and (d) 432.5 nm using a 3 nm band
pass. The microwave frequency was swept at (a) 50, (b) 110, (c) 110,
and (d) 100 MHz/s, and signal averaging (40-60 accumulations) was
carried out to improve the signal/noise.

Figure 3. Delayed slow-passage response (a) and the normal phos-
phorescence decay (b) of 7AW at 1.2 K. Subtracting b from a results
in the ODMR signal as shown in part c. The microwave frequency,
scale given in the figure, was swept at 160 MHz/s through the|D| +
|E| resonance only.
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Previous reports for{D - E, 2E} in gigahertz are{1.742,
2.536}29 and {1.79, 2.52},30 which carry estimated errors of
ca. (0.01 GHz. There is reasonable agreement of these 2E
band center frequencies (but less so with theD - E frequencies)
with that obtained in this work.

Kinetics Measurements. The apparent sublevel decay
constants of Trp and 7AW were obtained from the delayed slow-
passage measurements described above. Although they are not
affected by optical pumping kinetics, they are influenced to some
extent even at 1.2 K by spin-lattice relaxation (SLR). SLR is

Figure 4. Delayed slow-passage ODMR spectra of the|D| - |E|
transition of 7AW in EG-buffer. The microwave sweep rate is (a) 200,
(b) 160, (c) 100, and (d) 80 MHz/s, and the microwave output is limited
by a 2 GHz low-pass filter. The superimposed solid lines represent the
calculated best fit of each experimental spectrum; the values of the
fitting parameters are given in Table 2. The dashed vertical line indicates
the mean value ofν0 (1.354 GHz) defined in the text.

Figure 5. Delayed slow-passage ODMR spectra of the|D| + |E|
transition of 7AW in EG-buffer. The microwave sweep rate is (a) 200,
(b) 160, (c) 100, and (d) 80 MHz/s, and the microwave sweep ranges
from 3.8 to 4.6 GHz and is limited by a 5 GHz low-pass filter. The
superimposed solid lines represent the calculated best fit of each
experimental spectrum; the values of the fitting parameters are listed
in Table 3. The dashed vertical line indicates the mean value ofν0
(4.097 GHz) defined in the text.

Figure 6. Delayed slow-passage ODMR spectra of the|D| - |E|
transition of Trp in EG-buffer. The microwave sweep rate is (a) 200,
(b) 160, (c) 100, and (d) 80 MHz/s, and the microwave output is limited
by a 2 GHz low-pass filter. The superimposed solid lines represent the
calculated best fit of each experimental spectrum; the values of the
fitting parameters are given in Table 4. The dashed vertical line indicates
the mean value ofν0 (1.763 GHz) defined in the text.

Figure 7. Delayed slow-passage ODMR spectra of the|D| + |E|
transition of Trp in EG-buffer. The microwave sweep rate is (a) 200,
(b) 160, (c) 100, and (d) 80 MHz/s, and the microwave sweep ranges
from 3.8 to 4.6 GHz and is limited by a 5 GHz low-pass filter. The
superimposed solid lines represent the calculated best fit of each
experimental spectrum; the values of the fitting parameters are listed
in Table 5. The dashed vertical line indicates the mean value ofν0
(4.250 GHz) defined in the text.
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assumed to be negligible in the development of eq A5. Thus,
we refer to them as “apparent” decay constants. Their values
are summarized in Table 7 along with the relative sublevel
radiative rate constants also obtained from analysis of the
delayed slow-passage measurements. The relative radiative rate
constants also are influenced by SLR. It may be noticed that
trends occur in some of the kinetic and radiative best-fit
parameters vs microwave sweep rate in the data sets (Tables
2-4). These trends may be the result of neglecting SLR in the
data analysis. Thus, one can expect that the best-fit values of
the kinetic parameters incorporate some systematic error.
In the case of 5HW and its anion, sublevel decay kinetics

were measured using the MIDP experiment of Schmidt et al.27

because of the overlapping ODMR bands that made delayed
slow passage measurements unreliable. The microwave fre-
quency limits of the fast passage used to induce MIDP signals
were confined well within a band in order to avoid exciting
more than one transition. Analysis of the data (Simplex method)
was done globally using an algorithm that includes SLR
effects;31 thus, the resulting decay constants and relative radiative
rate constants have been corrected for the influence of SLR.
The sublevel decay constants of 5HW and its anion are given
in Table 7 along with the relative radiative rate constants also
produced by this analysis.
Global analyses of MIDP measurements on Trp and 7AW

also were carried out31 and provide a quantitative assessment
of the effect of SLR on the actual decay constants that are
reflected in the apparent values listed in Table 7. The actual
values of{kx, ky, kz}, in s-1 obtained from global analysis of
the MIDP responses31 are{0.31( 0.01, 0.102( 0.007, 0.000
( 0.001} for Trp and{0.57( 0.02, 0.38( 0.02, 0.02( 0.01}
for 7AW. The standard errors have been included. The major
effect of the neglect of SLR in the analysis of delayed slow
passage is the overestimation ofkz for both Trp and 7AW. The
Tz sublevel decays largely by means of SLR in both triplet states
even atT) 1.2 K. Rzx is severely overestimated in the delayed
slow-passage analysis for this reason.

Discussion

The phosphorescence spectra (Figure 1) of the tryptophan
analogs are clearly distinguishable from those of Trp itself. The
spectra of 7AW, 5HW, and the 5HW anion are shifted to the
red of Trp. Each spectrum reveals vibronic structure that is
rather similar to that of Trp although more poorly resolved, in
general. The phosphorescence lifetime is reduced by the
substitutions in the indole chromophore (Table 1). A relatively
minor lifetime reduction is caused by the OH substitution, but
the effect is much larger in the anion, as would be expected
from enhanced spin-orbit coupling effects from the lone pair
electrons of oxygen. A significant reduction in the phospho-
rescence lifetime of tyrosine also results from ionization of the
OH proton.32 Introduction of the aza-nitrogen to form 7AW
also shortens the triplet lifetime. This effect is analogous to,
but smaller than, that which occurs when naphthalene is
converted to quinoline.33

Each of the steady state slow-passage ODMR spectra of the
tryptophan analogs reveals all three zero-field transitions, in
contrast to Trp, in which the high-frequencyν3 (D + E)
transition is of vanishing intensity (Figure 2a). The ODMR
bands of 5HW and its anion are very broad relative to those of
7AW and tryptophan, indicating a large degree of inhomoge-
neous broadening that is probably the result of strong OH-
solvent or O--solvent interactions. The ODMR bands of 7AW,
particularly ν1, are quite narrow (Table 6). The ODMR
frequencies and bandwidths of 5HW and its anion were obtained
from the steady state slow-passage measurements, while those
of tryptophan and 7AW were obtained from the delayed slow-
passage measurements described in the Appendix. Even theD
+ E band of tryptophan could be observed (Figure 7) and
analyzed (Table 5) by this technique.
The ZFS of the triplet states were assigned in a manner that

causes the most slowly decaying sublevel to be the lowest in
energy. In3(π, π*) states, this is theTz sublevel (z is the out-
of-plane axis). This assignment reveals that the major effect
of the hydroxyl at the 5-position is to bring about a large
reduction in the magnitude ofE. The orientations of the in-
planex- andy-axes of 7AW, 5HW, and its anion are not known;
in indole, thex-axis is oriented roughly at right angles to the

TABLE 2: Characteristic Zero-Field Splitting and Kinetics
Parameters for the |D| - |E| Transition of 7AW a

sweep rate
(MHz/s) ν0 (GHz) ν1/2 (GHz)b Rzx kx (s-1) kz (s-1)

200c 1.3533 0.0156 0.110 0.566 0.092
160d 1.3548 0.0160 0.113 0.567 0.091
100c 1.3539 0.0163 0.123 0.548 0.089
80d 1.3518 0.0156 0.112 0.559 0.081

meane 1.354(1) 0.0159(3) 0.12(1) 0.56(1) 0.09(1)

a Parameters are obtained from fitting of delayed slow-passage data.
b ν1/2 is the half-width at half-maximum.c t0 ) 10.0 s.d t0 ) 6.0 s.
eThe standard deviation (σ) in the last digit is given in parentheses.

TABLE 3: Characteristic Zero-Field Splitting and Kinetics
Parameters for the |D| + |E| Transition of 7AW a

sweep rate
(MHz/s) ν0 (GHz) ν1/2 (GHz)b Rzy ky (s-1) kz (s-1)

200c 4.103 0.0870 0.264 0.431 0.091
160d 4.103 0.0811 0.282 0.429 0.101
100c 4.100 0.0812 0.303 0.394 0.104
80d 4.081 0.0779 0.353 0.365 0.115

meane 4.097(10) 0.082(4) 0.30(4) 0.41(3) 0.10(1)

a Parameters are obtained from fitting of delayed slow-passage data.
b ν1/2 is the half-width at half-maximum.c t0 ) 10.0 s.d t0 ) 6.0 s.
eThe standard deviation (σ) in the last digit is given in parentheses.

TABLE 4: Characteristic Zero-Field Splitting and Kinetics
Parameters for the |D| - |E| Transition of Trp a

sweep rate
(MHz/s) ν0 (GHz) ν1/2 (GHz)b Rzx kx (s-1) kz (s-1)

200c 1.762 0.0585 0.0871 0.333 0.0421
160d 1.765 0.0566 0.0891 0.343 0.0466
160e 1.764 0.0584 0.0892 0.348 0.0454
100c 1.763 0.0583 0.0976 0.324 0.0457
80e 1.763 0.0590 0.0995 0.334 0.0517

meanf 1.763(3) 0.058(1) 0.093(6) 0.336(9) 0.046(4)

a Parameters are obtained from fitting of delayed slow-passage data.
b ν1/2 is the half-width at half-maximum.c t0 ) 11.0 s.d t0 ) 2.0 s.e t0
) 1.0 s. f The standard deviation (σ) in the last digit is given in
parentheses.

TABLE 5: Characteristic Zero-Field Splitting and Kinetics
Parameters for the |D| + |E| Transition of Trp a

sweep rate
(MHz/s) ν0 (GHz) ν1/2 (GHz)b Rzy ky (s-1) kz(s-1)

200c 4.247 0.0823 0.54 0.155 0.066
160d 4.257 0.0852 0.44 0.176 0.053
100c 4.244 0.0803 0.63 0.143 0.072
80d 4.251 0.0752 0.33 0.203 0.033

meane 4.250(7) 0.081(4) 0.48(13) 0.17(3) 0.056(18)

a Parameters are obtained from fitting of delayed slow-passage data.
b ν1/2 is the half-width at half-maximum.c t0 ) 12.0 s.d t0 ) 17.0 s.
eThe standard deviation (σ) in the last digit is given in parentheses.
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ethylenic bond in the five-membered ring.34 The shortest lived
sublevel is intermediate in energy for each molecule, and is
labeled Tx.
The largeE-parameter of Trp, and of 7AW by analogy, results

from the contribution of spin density in the ethylenic bond of
the five-membered ring which is conjugated with the six-
membered ring.35,36 The large reduction ofE that occurs when
OH or O- is substituted at the 5-position probably is due to
reduced ethylenic spin density in the triplet state. The increase
in the value ofE that occurs upon aza substitution at the
7-position to form 7AW could result from increased conjugation
of the ethylenic bond in the triplet state. This substitution also
produces a rather large reduction in theD-parameter.
The patterns of ODMR linewidths of Trp and 7AW are of

interest (Table 6). It has been noted previously7 that the 2E
transition of Trp is considerably broader than theD - E
transition. This observation has been interpreted to mean that
theE-parameter is more sensitive to solvent perturbations than
is theD-parameter. The new data presented in this work allow
a more complete interpretation since we have measured the
linewidths of all three ODMR transitions of Trp as well as 7AW.
If there were no correlation between solvent shifts induced in
theD- andE-parameters, we would expect that theD - E and
D + E transitions would have comparable bandwidths. In both
Trp and 7AW, however, theD + E transition has a larger
bandwidth than theD - E transition. BothD- andE-parameters
are known to be positive in Trp,7,35and by analogy also in 7AW.
Thus, the bandwidths indicate that there is a positive correlation
between solvent perturbations induced inD andE for each of
these triplet states. The tighter correlation appears to occur in
7AW. The extremely narrowD - E band of 7AW suggests
the possibility that discrete conformational states frozen into a
protein sample incorporating this amino acid could be detected
by ODMR.
Analysis of the delayed slow-passage responses of Trp and

7AW was carried out with the assumption that the inhomoge-
neously broadened band has a Gaussian shape. This need not
be the case, in general, except for “random” line-broadening
effects. The analytical fitting of the responses assuming a
Gaussian band shape produces excellent agreement with the

data, as seen in Figures 4-7, suggesting that there is no
detectable systematic deviation from a Gaussian shape. The
solvent effects are not totally random, however, since the
bandwidths suggest a positive correlation between solvent shifts
on theD- andE-parameters, as discussed above. Such cor-
relations could be associated with the observation that for Trp
the peak frequencies of theD - E and 2E bands do not sum to
that of theD + E peak frequency within the expected limits of
error (Table 6). Consequently, the standard deviations given
in Table 6 are valid only for the center frequencies of the
observed ODMR bands and have not been extrapolated to the
D- andE-parameters deduced therefrom.

Conclusions

We have presented the results of phosphorescence and ODMR
measurements of the Trp analogs, 7AW, 5HW, and the 5HW
anion. The triplet state properties of these analogs differ
significantly from those of Trp, which also was reexamined in
this work. The properties are consistent with3(π, π*) states in
every case. The ODMR frequencies and bandwidths of 7AW
and Trp were determined by a new method of analysis of
delayed slow-passage spectra that yields more accurate results
for the band center frequencies and widths than previous
methods. The decay constants obtained from data analysis of
delayed slow-passage ODMR responses are influenced to some
extent by SLR as are the relative radiative rate constants. The
D + E transition of Trp was observed and analyzed for the
first time using this method, which generally yields enhanced
spin alignment relative to the photostationary state. The ODMR
bandwidths of 5HW and its anion are very much larger than
those of Trp and 7AW, indicating enhanced solute-solvent
interactions. A greatly reducedE-parameter in 5HW and its
anion relative to Trp points to a large change in spin density
distribution with decreased occupation of the ethylenic bond in
the five-membered ring. Hydroxyl substitution at the 5-position
has little effect on the triplet state decay kinetics, but ionization
of the 5HW hydroxyl proton brings about a large decrease in
phosphorescence lifetime. Aza substitution at the 7-position
of Trp causes relatively minor increases in sublevel decay
constants (equally distributed betweenkx andky), consistent with
the introduction of a new spin-orbit coupling pathway involving
the N atom lone pair electrons. The 7-aza substitution in Trp
also results in a small increase in theE-parameter, suggesting
that conjugation with the ethylenic bond is enhanced. Analysis
of the ODMR bandwidths of Trp and 7AW shows that solvent
shifts of theD- andE-parameters are positively correlated. It is
suggested that in the presence of such correlated solvent shifts,
the peak frequencies of inhomogeneously broadened ODMR
bands need not be numerically related, in the sense that the two
lowest peak frequencies must sum to that of the third. On the
other hand, the ODMR bands may be skewed and not accurately
represented by a symmetrical Gaussian shape, as assumed in
the analysis. In either case, theD andEZFS parameters appear

TABLE 6: Summary of Characteristic Zero-Field Splitting Parameters of Tryptophan and Analogsa

|D| - |E| 2|E| |D| + |E|
sample ν0 (GHz) ν1/2 (MHz) ν0 (GHz) ν1/2 (MHz) ν0 (GHz) ν1/2 (MHz) |D| (GHz) |E| (GHz)

Trpb 1.763(3) 58(1) 2.514(10) 146(6) 4.250(7) 81(4) 3.007 1.250
5HWc 2.46(1) 252(10) 1.29(3) 440(20) 3.71(2) 410(18) 3.09 0.64
pH) 7

5HWc 2.18(2) 150(20) 0.96(4) 222(20) 3.22(2) 164(20) 2.70 0.50
pH) 12.3

7AWb 1.354(1) 15.9(3) 2.735(3) 55(6) 4.097(10) 82(4) 2.726 1.370

a The standard deviation (σ) in the last digit is given in parentheses.bResults from the analysis of delayed slow-passage signals, cf. text.cResults
from fitting of slow-passage signals without considering the fast-passage effects, cf. text.

TABLE 7: Summary of Characteristic Kinetics Parameters
of Tryptophan and Analogs

sample kx (s-1) ky (s-1) kz (s-1) Rzx Rzy Ryx

Trpa 0.34(1) 0.17(3) 0.046(4) 0.093(6) 0.48(13) 0.19(2)
5HWb 0.36(1) 0.22(1) 0.00(1) 0.000(4)c 0.57(1)

pH) 7
5HWb 1.32(1) 0.55(1) 0.05(2) 0.04(1) c 0.468(6)

pH) 12.3
7AWa 0.56(1) 0.41(3) 0.10(1) 0.12(1) 0.30(4) 0.3(1)

aResults from the analysis of delayed slow-passage signals, cf. text.
The standard deviations in the last digit (σ) are given in parentheses.
bResults from global analysis of MIDP data, cf. text. The standard
errors in the last digit (σ) are given in parentheses.cNot determined
by the experimental method.
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to be affected by systematic errors beyond the uncertainties
associated with the peak frequencies of the ODMR bands.
The narrow inhomogeneous width of theD - EODMR band

of 7AW (ν1/2) 15.9 MHz) suggests its possible use in detecting
discrete frozen out conformers of proteins in which it is
incorporated.
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Appendix

In a recent communication24 we derived an expression for
the “slow-passage” ODMR signal upon saturation of the Ti and
Tj sublevels of a photoexcited triplet state during continuous
optical pumping. The derivation assumes an inhomogeneously
broadened distribution of “isochromats” defined as triplet states
whose resonance frequency lies within the homogeneous
linewidth,δν. Passage time through an isochromat is assumed
to be short enough to fulfill the fast-passage condition such that
the ODMR response of thenth isochromat is given by25

where Inij represents the deviation of the phosphorescence
intensity from its steady state level in the absence of micro-
waves, tn is measured from the time of fast-passage whose
duration is assumed to be negligible relative to sublevel
lifetimes,ki,j are the decay constants of the Ti,j sublevels, and
ki,j(r) are their radiative rate constants.C is a proportionality
constant that depends on the spin alignment and the experimental
arrangement, whilegn is the population of thenth isochromat.
Equation A1 assumes that spin-lattice relaxation (SLR) can
be neglected and that optical pumping does not deplete the
ground state population significantly.7 The line shape of the
inhomogeneously broadened distribution of isochromats is then
a superposition of fast-passage responses each given by eq A1.
The response is converted from the time to the frequency domain
by a linear transformation using the constant microwave sweep
rate. The resulting expression (assuming that each isochromat
has the same rate constants) is24

Equation A2 is expressed in terms of channels,n andp, of a
multichannel analyzer that is normally used to acquire data. The
frequency width of a channel is∆ν, andp∆ν is the microwave
frequency corresponding to thepth channel. In eq A2,κi,j )
ki,jT/N, whereT is the time required to accumulateN channels
of data,Rji ) kj(r)/ki(r), andC′ ) Cki(r).
We have successfully fit eq A2 to slow-passage ODMR

signals of tryptophan in hen egg-white lysozyme using a
Gaussian distribution forgn,

whereν1/2 is the half-width at half-height andn ) 0 defines
the band center.24 The parameters used in a nonlinear least-
squares minimization procedure wereki,j, ν0, ν1/2, andRji.
The procedure outlined above can be adapted to slow-passage

measurements carried out during decay of the phosphorescent
state by including in it the time dependence of the sublevel
populations of Ti and Tj within each isochromat. These enter

through the spin alignment,Anij, which becomes time-dependent
because of the decay of the triplet state after cessation of optical
pumping. Ignoring SLR, the time dependence of the spin
alignment corresponding to the Ti T Tj transition of thenth
isochromat is

In eq A4, t0 is the time between cessation of excitation (t ) 0)
and the commencement of the microwave sweep cycle (n ) 0
occurs att0 in eq A4), andNjn

0 - Nin
0 is the spin alignment of

the nth isochromat att ) 0. Combining eqs A4 and A2, we
get

whereNij
0 ) Ni

0/Nj
0, gn is a shape function for the inhomoge-

neous distribution, andCij is a factor proportional toNj
0 ki(r).

By analogy with eq A2,Iij of eq A5 is the ODMR response
during phosphorescence decay after subtracting the intensity of
the phosphorescence decay in the absence of microwaves. We
have used a nonlinear least-squares minimization procedure to
fit eq A5 to experimental data obtained in this work. The
parameters used in the least-squares minimization are the same
as for eq A2, above. Since the least-squares minimization is
extremely insensitive toNij

0, this quantity is obtained from
independent measurements,28 and its value is fixed in the
analysis.
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