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A method is introduced, based on optical detection of triplet
state magnetic resonance (ODMR), to determine the relative pop-
ulating rates of photoexcited triplet state sublevels during optical
pumping. Phosphorescence transients induced by microwave
rapid passage during optical pumping are analyzed globally uti-
lizing kinetic parameters obtained from separate microwave-in-
duced delayed phosphorescence measurements to obtain relative
sublevel populating rates. Results are unaffected by phosphores-
cence from triplet populations that do not yield an ODMR re-
sponse. The method is applied to the triplet state of the indole
chromophore in various environments to reveal the effects of local
interactions on the pattern of intersystem crossing. Enhanced
spin—orbit coupling effects are attributed to interactions that re-
duce the planar symmetry of the indole chromophore. o 2001
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p—R:-n°=0, [1]

whereR is the rate constant matrix obtained from global MIDF
analysis,n® is the steady state population vector, @i the

null vector. In many aromatié(sr, 7*) phosphorescent states
such as that of indole, the subject of this work, at least or
sublevel T,) (z is the normal to the aromatic plane) has ai
extremely long lifetime because of inefficient spin—orbit cou
pling (SOC) with low-lying excited(m, 7*) states 8, 4). Thus,

in typical MIDP experiments, the duration of the excitatior
period is not sufficient to achieve a true steady state and allc
the application of Eq. [1]. On the other hand, a pulsed optic
excitation method has been us&)l that yields initial sublevel

populations proportional to the populating rates. Microwav
saturation after a brief delay is used to probe these populatic
using optical detection. This method has the drawback th
phosphorescence originating from triplet states not undergoi

The microwave-induced delayed phosphorescence (M|D$i)turation introduces error. In this paper we report a ne
experiment {) has been used for many years to study trxperimental method that overcomes these problem and allo
kinetics of photoexcited triplet state sublevels. In this methoH1€ accurate determination of the relative populating rates,

optical pumping populates the triplet state, the excitation is
terminated, and the optically detected magnetic resonance
(ODMR) of the triplet state is excited by a microwave pulse or

rapid passage after a time delay, but during decay of the triIOIetThe time evolution of the excited triplet state sublevel por
sublevel populations. Analysis of the amplitude of the “phos-

y . o ul%ations in the absence of external magnetic fields is describ
phorescence echo” vs the delay time allows determination 5 three coupled differential equations

the decay kinetics of the individual sublevels. In the absence c}{‘
complications from spin—lattice relaxation (SLR), the experi-
ment can lead directly to the individual sublevel lifetimes. dn,
Over recent years we have been using an improved method for "
analysis of MIDP transients in which all data points contained

in a digital data set consisting of either two or all three ODMR
transitions are analyzed globally using a nonlinear leasthere n; are the instantaneous populatiohs,are the rate
squares procedur@)( This method yields the individual sub-constants for decay to the ground state, ands the SLR rate
level decay constants, the SLR rate constants, and the relatieastant for the proceg§s — T;. Since the zero field splittings
radiative rate constants of the triplet state. The relative subleaeé far smaller than the thermal energgyT, we assume that
populations at the point that excitation is terminated are alsg = w;, etc.

obtained from this analysis. The relative sublevel populating Each sublevell; contributesnk{ to the phosphorescence
ratesp;, (i = X, Yy, ) could be derivedf these were the steadyintensity, wherek; is the radiative rate constant. Thus, the
state populationgrom the relation phosphorescence intensity at a tiinis given by

INTRODUCTION

THEORY AND EXPERIMENTAL METHOD

=pi — kin + w(n — ) + w(ne = ny), [2]
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3 least five periods to improve the signal/noise ratio. Thes
1(t) = > (kL. [3] timing conditions are similar to those employed previougly (
-1 for MIDP of molecules such as tryptophan that have long-live
triplet states. During the decay period, fhesublevel does not
In general, both the time-dependent populations and the ra@cay completely to the ground state, retaining as much as 2
ative rate constants differ significantly between the subleve®. its initial population. In order to reduce this population tc
Accordingly, transfer of population between sublevels by re#significant levels, theT, < T, transition is continuously
onant microwaves results in transient changes in phosphorggturated during the decay by means of a second microwe
cence intensity. In the MIDP measurement, the resonant riveeper whose output is controlled by a diode switch. Da
crowave pulse or rapid passage is of negligible duratigalysis confirmed that the system was essentially in tl
relative to the sublevel lifetimes. When applied to subleifels ground state before the beginning of the subsequent excitat
and T; at timet’, the sublevel populations are changed zycle. Both normal and “excitation” MIDP experiments were

follows by the resonant microwaves: performed on each sample. Normal MIDP was analyzed gl
bally (2) to obtain the kinetic and radiative parameters the

ni(t’) — n(t’) — f[n(t) — ni(t)], n(t') — n(t") were used subsequently as input parameters to fit the excitat
MIDP data and extract from them the relative populating rate

+ () — ()], nt’) — n(t’),  [4]  computation is essentially the same as that used in glot

fitting of normal MIDP data as described previousB).(The
wheref; is the population transfer factd; = 3 corresponds fynction

to equalization of; andn;. The evolution of the phosphores
cence intensity can be followed using Egs. [2] and [3]. Global

analysis of the transient responses yields the selts &f, and , max 1024 e oo s
w; as well as the initial populations;,(0), at thetermination X2=2 2 (Imees— 1o [5]
of excitation. Since MIDP is carried out in the absence of n=1 m=s(n)

optical pumpingp; = 0 in Eq. [2]; thus the transient responses
contain no information about populating rates. These could Reminimized with respect to the populating ratps,using the
obtained, in principle, using Eq. [1] if the(0) obtained from Simplex method. In Eq. [5h labels the MIDP response, while
the analysis could be equated mg. As mentioned in the m begins with the acquisition channs(n) in which the mi-
previous section, this condition is difficult to achieve, and th&rowave fast passage for theh response occurs. The re-
global MIDP analysis has led often to negative valuesgor sponses are found from Eq. [3] using momentary populatior
when Eq. [1] was used, indicating underpopulation of the(t), calculated numerically from Egs. [2] with kinetic and
longest livedT, sublevel. Thus, the assumption that steaddiative parameters obtained from the normal MIDP analysi
state initial populations are achieved in MIDP experimentshe second-order Runge—Kutta method is employed. The or
when carried out with typical excitation periods of about 15 fitting parameters are the populating rates and the subley
(2) is not justified. We have designed a new experimentgbpulations at the beginning of the optical excitation. Th
method analogous to MIDP, but with the microwave rapiguality of the fit is not significantly worse when the initial
passage applied during the excitation rather than the degmpulations are fixed at zero.
period. The transients are analyzed globally as befyédt A disadvantage of this method relative to normal MIDP i
now nonzero populating rates enter directly into the kinetigat since the measurements are made during optical pumpi
expressions, Egs. [2]. fluorescence is collected along with the phosphorescence. T
Method. Details of the ODMR spectrometer have beenontributes to the level of random noise. In particular, fluctu
published previously 2). Samples are excited by a 100-Wations in the excitation source are collected in excitation MID
high-pressure mercury arc lamp filtered by a 25-cm gratirxperiments. We have reduced these effects in our samples
monochromator with 16-nm bandwidth centered at 297 nmollecting the emission for both types of MIDP measurement
The excitation path also contains a 2-mm WG 295 highpate peak wavelength of the most intense vibronic band of tt
filter and a 3-mm CS 7-54 bandpass filter. MIDP measuriadole derivative (ca. 0,0—1500 ¢i) where the phosphores
ments are carried out at 1.2 K. Emission is monitored with@ence to fluorescence ratio is considerably larger than at the |
100-cm grating monochromator with a bandwith setting of 3\®avelength itself. The fluorescence intensity and populatir
nm. Photon counting is employed with the amplified pulseates are assumed to be constant during the excitation per
directed to a 1024 channel analyzer. The experimental cyclesiace in our experiments the depletion of the ground sta
15 s of optical excitation followed by a 45-s decay period. fopulation is negligible.
microwave fast passage is applied after variable delay time, A series of measurements with varyitigare made on each
following commencement of excitation resulting in an inducedf the three ODMR transition®) — E (T, < T,), 2E (T, <
phosphorescence transient. The cycle is signal averaged fofr gt andD + E (T, < T,). The free excitation response is
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subtracted from each MIDP data set to produce curves that are
close to zero fot < t’. The MIDP responses are normalized
to the intensity of the phosphorescence at the end of the free
excitation cycle. The relativp; are normalized to unity.

Estimate of error. Since no analytical formulas are avail-
able for the derivatives of” with respect to the fitted param
eters, the correlation matrix was calculated numerically. De-
rivatives of the phosphorescence intensity with respect to each
fitted parametem,, was approximated for each data poimt, 200 250 200
as Wavelength (nm)
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FIG. 2. Phosphorescence spectra at 4.2 K of (A) tryptophan and (E

al, yohimbine in 10 mM NaOH.

ap. = Ha(Pk+ AP — 1n(pe = ApW 1/ 24D
Px

Elements of the Hessian matrii, were calculated from NCp7 was investigated by adding it to poly(l) in a 1:5 proteir
to nucleotide ratio.

N

_ E al, al, EXPERIMENTAL RESULTS
« P 0P

n=1 The molecular structure of the amino acid tryptophan ths

_ ~contains the indole chromophore is shown in Fig. 1A. It
Standard errors in parameters were evaluated from the dlag%‘ﬁﬁsphorescence Spectrum, characterized by a well-resol\

elements of the inverse matr = H ™ 0,0-band at 406.7 nm and a characteristic major vibronic ba
at 433 nm (0,0-1500 ci), is shown in Fig. 2ANCp7 is a
o= (x?C/N) V2, nucleic acid binding protein consisting of 55 amino acids th:

contains two zinc finger structure§)( one of which includes
Here,N is the number of experimental points in the global dat#s single Trp residue. Its phosphorescence originates from T
set, ca. 15,000. and closely resembles Fig. 2A. A NMR structure reveals clos
Samples. L-Tryptophan (Trp) was purchased from Fluka@ssociation of the Trp residue of NCp7 with a guanine residt
yohimbine hydrochloride was from Aldrich. Polyinosinic acidi" @1 RNA complex ). In previous ODMR studies8f we
poly(l), was from Pharmacia LKB Biotechnology. NCp7, théound that binding of NCp7 to smgl'e stranded quclelc acid
Trp-containing nucleocapsid protein from human immunodéESults in a phosphorescence red shift and reduction of the z.
ficiency virus type 1, was obtained from Dr. J. R. Casas-Fink!d splitting D parameter; both are characteristic of aromati
at the Frederick Cancer Research and Development Cerfi&@cking interactions of Trp with a nucleobase. In this work w
(Frederick, MD). For MIDP measurements, the aqueous sofiAVe investigated the effects of binding poly(l) to NCp7 on th
tions contained 40% by volume ethylene glycol as cryosolvelif'€tic parameters of the Trp residue. The structure of tf
and were ca. 1 mM in the indole derivative. Yohimbine wadyPoxanthine base that is present in poly(l) is shown in Fi
measured both in acidic (1 mM HCI) and in basic (10 mMB: Previously we have shown that it stacks with Trp ir
NaOH) solution to determine the effects of protonation. THACP7—POly(l) complexes8). We have also investigated yo-
effect of nucleic acid binding on the tryptophan residue dfimbine (Fig. 3) and its protonated cation. Note that yohimbin

A R B O
S T
¢
I NN
H | R
Indole: R=H 'l“Hz H

Tryptophan: R = -CH,-C-COOH  Hypoxanthine base

HCO_ .
N
(o)

OH

thine base. In poly(l)R’ represents the ribose—phosphate polymer chain. FIG. 3. Structure of yohimbine.

FIG. 1. (A) Structure of indole and tryptophan; (B) Structure of hypoxan-
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FIG. 4. “Excitation” MIDP responses of yohimbine in basic solution. The
free excitation response has been subtracted from the MIDP data. The phogig 5. Normal MIDP of yohimbine in basic solution. The free decay has

phorescence is monitored in the 0,0-1500 tband and th® — E transition  peen subtracted from the MIDP data. The experimental conditions are the sa
is saturated during the decay cycle. Data are scaled by the phosphorescgaGg rig. 4 except that the — E transition is not saturated during the decay.
intensity at the end of the 15-s excitation period (100%). Solid lines afg e data are scaled by the phosphorescence intensity at the end of
calculated from the kinetic data in Table 1. The signals are averaged over fi¥giation cycle (100%). Solid lines are calculated from the kinetic data |
cycles. Note that the vertical scale of the+ E data set is expanded relative Tgpie 1. The signals are averaged over five cycles. The vertical scale of 1

to the two other sets. D + E data set is expanded relative to the others.

contains the indole chromophore (Fig. 1A) and that its phosguares responses corresponding to the data presented in T
phorescence (Fig. 2B) closely resembles that of Trp. 1 shown as solid lines. The quality of the fit is excellen
An example of an excitation MIDP data set for yohimbine ijudging from the figure and from the standard error of the fitte
basic solution is shown in Fig. 4. Superimposed on the dgtarameters given in the table. The better signal/noise in tl
points are the calculated MIDP responses based on the leastrmal MIDP measurement is apparent from comparing Fig
squares minimization with respect to the relative populatirgand 5. The data for all of the indole-containing samples th
rates, as described previously. The input parameters, obtaimexte examined are given in Table 1. There are substant
from the normal MIDP data set measured at the same emissi@miations in the zero field splitting parameteBsandE, and
wavelength, are given in Table 1. The normal MIDP data set tife 0,0-band wavelengths, but they are not relevant in th
yohimbine in basic solution is shown in Fig. 5 with the leastdiscussion, and these data are not presented. The rate const

TABLE 1
Kinetic and Radiative Parameters?®
Compound ke () k(s k. (sT) R, R Wy ()Y W (s w, (s [ [ [
Tryptophan (407) 0.306(9) 0.102(5) 0.000(1) 0.000(1) 0.128(7) 0.013(3)  0.040(5)  0.044(1) — — —
Tryptophan (433) 0.314(8) 0.097(4) 0.000(3) 0.000(8) 0.153(6) 0.019(3) 0.032(4) 0.051(1) 0.431(3) 0.497(2) 0.0
NCp7 (434) 0.331(7) 0.109(4) 0.004(2) 0.02(1) 0.087(6) 0.042(3)  0.027(4) 0.050(4)  0.421(5) 0.500(3) 0.07
NCp7 + poly(l) (441) 0.49(2)  0.11(1) 0.000(4) 0.00(1) 0.02(1)  0.06(1) 0.05(1)  0.050(1) 0.720(5) 0.236(2) 0.04:
Yohimbine (436 0.32(1) 0.093(5) 0.000(3) 0.00(1) 0.06(1)  0.020(4) 0.027(5) 0.0482(3) 0.474(2) 0.433(1) 0.09:
Yohimbine (434) 0.291(6) 0.078(3) 0.000(2) 0.000(6) 0.089(6) 0.027(2)  0.027(3) 0.0471(4) 0.425(3) 0.479(1) 0.09

* Estimated error in the last digit given in brackets.

® Wavelength (nm) monitored is given in parentheses. This is the 0,0—1500bamd except as noted.
¢ Ry is the radiative rate constant ®f relative toT,.

d w; is theT; <> T, spin—lattice relaxation rate constant.

¢ Relative sublevel populating rates.

 Data from Ref. 2). 0,0-band monitored.

¢ Acidic form, 1 mM HCI.

" Basic form, 10 mM NaOH.
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for tryptophan from this work, monitoring the strong vibronic3.05 andk, undergoes a 50% increase. Triplet—triplet energ
band at 433 nm, are presented along with values from previduasnsfer can be ruled out in the complex since this polynucls
MIDP measurements made at the 0,0-band wavelength atide shows no evidence of triplet state formati8) (ed-edge
406.7 nm R). The only parameter that varies significantly i€xcitation insured that tryptophan was selected and, finally,
R,« = ky/k;, which is larger in the vibronic band emission thamas been shownl() that triplet-triplet energy transfer effi-
in the 0,0-band emission. The relative radiative rate constantency is severely reduced at temperatures near 1 K, essenti
are the only measured parameters that would be expectedequiring degeneracy of donor and acceptor energies. Thus,
vary with detection wavelength. The 433-nm (0,0-1500 9m conclude that the effects of complex formation on the triple
band is largely a superposition of three active C—C stretchistate kinetics are the result of changes in internal SOC pr
modes 9) that could alter the radiative propertiesiogfandT,. cesses. The decay of, is selectively enhanced, and althougt
changes in the absolute populating rates have not been de
DISCUSSION mined, the relative values are consistent with the enhancem
of p, by more than a factor of 3 (assuming no changgs iand
We have employed global analysis of MIDP data acquirggl). These observations suggest that complex formatien i
during optical pumping (excitation MIDP) to obtain relativevolving aromatic stacking between tryptophan and the hyp
sublevel-specific populating rates. In the absence of extraneaasthine base of poly(l) enhances t8e — T, ISC and the
populating processes such as triplet—triplet energy transfdecay ofT, and that these enhancements work throughlthe
these rates can be identified as relative intersystem crosssudplevel. The principak-axis is located in the plane of the
(ISC) rates. indole molecule (Fig. 1A) and is approximately normal to the
In each case we find that90% of ISC populates thg, and double bond of the five-membered ringl). These changes are
T, sublevels. This pattern also is reflected in the decay ragiaralleled, but to a far lesser degree, by the effects of prot
constants, where we finkd, = 0 within a small error for each nation of yohimbine.
sample (Table 1). ISC requires the mixing of singlet and triplet The effects of aromatic stacking, and of local asymmetri
character in an electronic state by a perturbation such as S@€ctric fields on the kinetics of(w, #*) states of planar
(3, 4). In a planar molecule, symmetry requirements allow thaolecules, can be explained on the basis of the removal
mixing of *(mr, 7*) states only with thel, sublevel of’ (7, 7*)  planar symmetry. Some time ago El-Sayedal. (12) sug-
states by SOCJ). Because of the properties of the SO@ested that enhancement of SOC can result from static dist
Hamiltonian, however, coupling betweemnelectronic states is tions that effectively remove the symmetry plane of an arc
extremely weak4). Thus SOC between, #* states andr, 7* matic molecule, allowing direct mixing of and 7 orbitals.
or r, o* states of differing multiplicity dominates even thoughThey also used pulsed ODM)(to show that ISC selectively
the nonsr electron states are at a very high energy. Thopulates the in-plane sublevelg, @ndT, in our coordinates)
interaction occurs with only th&, and/orT, sublevels of(w, of aromatic hydrocarbons. It is reasonable that increasing t
7*) states, activating them in accord with our results. deviation from planar symmetry will induce greater SOC ef
For free tryptophan, basic yohimbine, and the single tryptéects, such as enhanced ISC and shorter triplet state lifetim
phan residue in free NCp7, we firg, < p, while k, > k,. Both effects have been observed in the triplet states of aroms
These differences may reflect the fact tBat— T, andT, — charge transfer complexes in the absence of heavy atom p
S, involve singlet states that mix differently witlio, 7*) and  turbations 13, 14. Enhancement of ISC in proflavin when it is
(m, o*) states. Also, a radiative contribution to the lattecomplexed with DNA has been observed by Lee and Galle
process could play a role. (15), who suggested that an increased triplet yield may &
The samples examined in this report were chosen to shoegponsible for fluorescence quenching by DNA in this syster
the effects of specific perturbations on the triplet state kineti¥¥e suggest that the stacking of the tryptophan residue of NC
of the indole chromophore. A local electric field is induced bwith a hypoxanthine base of poly(l) produces an asymmetr
protonation of the out-of-plane nitrogen atom of yohimbindistortion that leads to the observed kinetic effects. Charg
(Fig. 3). While yohimbine in basic solution exhibits subleveiransfer character induced in the triplet state by transannul
kinetics similar to those of unperturbed tryptophan, protonatiarielectron interactions is suggested by a large reduction of t
causes a small but significant increas&,oés well as a relative ZFS D parameter that is observed in the compl8k Proto-
increase ofp, so that nowp, > p,, rather than the reversenation of the basic nitrogen atom of yohimbine produces &
(Table 1). Much larger kinetic effects are produced in thelectric field with an out-of-plane component that is respons
tryptophan residue of NCp7 when the protein forms a compléke for the similar but smaller effects of reduced symmetr
with poly(l). We have shown in previous worB)(that phos- observed in this molecule.
phorescence red shifts and reduction of the ZFS of tryptophant is interesting that the kinetics of th&, sublevel are
in NCp7 upon binding with poly(l) are consistent with aroenhanced selectively by the asymmetric interactions that v
matic stacking of tryptophan with the hypoxanthine base (Figave studied here, even though symmetry consideratio
1B). Here we find that the ratip,/p, increases from 0.84 to would allow bothT, andT, to be affected simultaneously.
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