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Properly prepared pulse sequences of microwave and radio
requency have been employed to investigate the effect of polar-
zation transfer from the polarized photo excited triplet state of
entacene in p-terphenyl crystals to the surrounding protons in
ulsed ENDOR experiments. The ENDOR signal, measured as
he change of electron spin echo (ESE) amplitude, is affected by
he mode of RF pulses. When B0|x (the long molecular axis), the
SE amplitude of the high-field transition of the triplet state
hanges from the maximum positive to zero with a p RF pulse,
nd to the maximum negative with a 2p pulse, while that of the
ow-field transition changes from nearly zero to the maximum
egative as the RF pulse width increases. The effect is attributed
o the strong electron spin polarization produced in the creation of
he photoexcited triplet state and the subsequent efficient electron–
uclear polarization transfer process. © 1999 Academic Press

Key Words: ENDOR; DNP; pulsed EPR; triplet state; organic
olids.

INTRODUCTION

The conventional ENDOR signal is observed through
esaturation of an EPR transition by inducing nuclear tra

ions. The effect, driven by a complicated balance of relaxa
rocesses, weakly affects signal amplitude that limits the
lication of the cw technique (1). The anticipated ENDO
mplitude is about 1% of the EPR signal intensity. The
OR signal is expected to be even weaker in the photoex

riplet state of organic systems, because of low triplet con
ration due to either low solubility or short lifetime. Thus, m
f the cw ENDOR experiments of organic triplet states h
een performed in single crystals and at liquid helium tem
tures.
However, pulsed ENDOR techniques have been deve

o overcome some of the drawbacks of the cw technique (2–5).
he pulsed experiments often employ three microwave pu
nd a radiofrequency pulse which is applied between the
nd and the third microwave pulses (3). At nuclear resonanc

he applied RF pulse flips the nuclear spins, resulting
hange of the local field at the electron site. During the r
using period after the third microwave pulse, the elec

1 To whom correspondence should be addressed. Fax: (314) 935
-mail: lin@wuchem.wustl.edu.
25
e
i-
n
p-

-
ed
n-
t
e
r-

ed

s,
c-

a
-
n

pins that have had their precessional frequencies cha
ome together in different directions in thexy plane and diffe
rom the other electron spins. The process results in a lo
hase coherence and a reduction of the electron spin
ESE) amplitude.

Two new pulsed ENDOR techniques have also been
orted by Mehring and his co-workers: the spinor-END
ffect (6) and the high resolution coherence transfer END
ethod (7). The spinor-ENDOR technique utilizes thep

otational symmetry of a proton coupled to an electron
chieve a 200% ENDOR effect. The coherence transfer
OR technique provides a method to obtain high-resolu
NDOR spectra. Initially, well-defined pulses are applied
ultaneously to EPR (P0S 5 p) and NMR (P0I 5 p/2) transi-

ions. The nuclear spin manifold is then subjected to a se
F pulse, P1I 5 p/2, at a timet after the initial preparatio
ulse. The coherence of prepared nuclear sublevels c

ransferred back to the EPR transition. Two microwave pu
P1S 5 p/2, P2S 5 p) are applied after P1I to create an ES
hose amplitude is a measure of the sublevel magnetiza
he time t is incremented in steps and allows the compl
ID to be mapped out. After FFT of the FID, a highly resol
NDOR spectrum is obtained.
Previously we reported a pulsed ENDOR study on the

oexcited triplet state of pentacene inp-terphenyl crystal
PHTH) at room temperature (8, 9). Recently we have imple
ented many improvements in our pulsed ENDOR spect
ter, such as the addition of a frequency synthesizer, mu
MR pulses, and better detection arrangements. Here we
loy an ENDOR scheme, similar to Davies’ sequence (4), but
ith a variable RF pulse duration in our experiments.
bjectives of our study are to study the variation of longitud
agnetization of electron spin as a function of RF pulse w
nd to determine the optimal conditions to achieve maxim
NDOR enhancement. We also attempt to examine the e
f dynamic nuclear polarization of the photoexcited triplet s
f the PHTH system at room temperature.

EXPERIMENTAL

A pulsed X-band EPR spectrometer was employed in
tudy. A special ENDOR cavity with multiple-turn NMR co
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26 KOUSKOV ET AL.
ound around the sample was used in the measurement,
s similar to the setup used in the previous pulsed tran
utation experiments (10).
The pulse sequence used in our pulsed ENDOR experim

s the following (see Fig. 1): [(laser pulse)–t 1–(pmwave
ulse)–t 2–(RF pulse)–t 3–(p/ 2 mwave pulse)–t–(p mwave
ulse)–t–echo], where the laser pulse is used to excite
olecule to the metastable triplet state. The timing sequen
oxcar gate pulses and lock-in amplifier to reduce the b
round noise and to improve baseline correction are simil

hose of our previous pulsed ENDOR experiments (9).
In our previous pulsed EPR studies of the photoexc

riplet state of the pentacene molecule (11), we observed tha
he initial triplet population of PHTH upon laser excitation
redominantly in theu0& substate (mS 5 0) for B0\x (the
olecular long axis). The application of the firstp microwave
ulse is therefore to create the longitudinal electron mag
ation, ^SZ&, by inverting the population of theu0& with the
11& sublevel for the high-field (HF) transition (absorpt
ignal), and theu0& with the u21& for the low-field (LF) tran
ition (emissive signal). We further apply an RF pulse w
ariable duration (0 to 15ms) at a fixed ENDOR frequenc

mmediately after the microwave pulse, and at about 0.ms
fter the laser pulse. Since the electronT1 is ;20 ms, we are
ble to monitor the time evolution of electron magnetiza
fter the firstp microwave pulse upon the application of the
ulse to induce nuclear transitions. The^SZ& as a function o

ime during the RF pulse is monitored by the last two mi
ave pulses, the conventional two-pulse echo sequence

RESULTS AND DISCUSSION

The echo amplitude as a function of RF pulse width for
F and LF transitions of the photoexcited triplet state of
HTH system forB0\x at the proton frequencies of 15 and
Hz, respectively, is shown in Fig. 2. The echo amplitud

he HF transition changes from the maximum positive (5
.2 6 0.1 arbitrary unit) to zero at a duration time equiva

o the p pulse (3ms) of the RF field, and to the maximu
egative echo at the 2p pulse (I 5 22.7 6 0.1). Here the
hange of echo amplitude follows roughly a sinusoidal pe
or the first several microseconds. Physically, the microwap
ulse on the HF line causes a sudden change in the mag

FIG. 1. The pulse sequences employed in the pulsed ENDOR ex
ents: (A) laser pulse, (B) microwave pulses (p–p/2–p), and (C) radiofre
uency pulses.
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f the effectiveBZ at the proton sites. However, thisnewfield
s tilted only slightly from the originalB0, judging from the
eak ESE envelope modulation (ESEEM) observed in
revious studies (11), i.e., the protons are weakly coupled

he electron spin in theu11& sublevel. The combination of th
EPR pulse and the following RF pulse (with variable du

ion) should result in an oscillatingBZ term at the electron sit
hus, in principle, we should observe Rabi oscillation a

unction of RF pulse duration. However, the observed no
usoidal behavior after 8ms (one-half cycle period) may ari

rom the dephasing of the electron spin magnetization du
ross-polarization processes at the time of detection.
On the other hand, the echo amplitude of the LF transitio
function of the RF pulse duration shows no oscilla

ehavior. The echo amplitude of the LF resonance cha
rom nearly zero (I5 20.46 0.1) at a duration less than 1ms
f the RF pulse to the maximum negative (I5 22.0 6 0.1) at
1 ms as the RF pulse width increases. Here, upon the a
ation of a long RF pulse, the ESE signal changes from al
ull amplitude to a factor offour larger.
We observed the maximum changes of ESE amplitude
OR enhancement) when the RF pulses were applied a

FIG. 2. The ENDOR intensity (echo amplitude) vs the RF pulse dura
or the photoexcited triplet state of pentacene inp-terphenyl crystals,B0\x: (a)
igh-field (HF) transition at 3541 G, and (b) low-field (LF) transition at 2
. The dead time of the detection was;0.5 ms. The frequencies of RF puls
ere set at 15 and 13 MHz for the HF and LF transitions, respectively.
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27DYNAMIC NUCLEAR POLA
ree protonfrequencies: 13 MHz for the LF transition and
Hz for the HF transition. These frequencies correspond t
uclear transitions in theu0& manifold where there is no firs
rder hyperfine interaction, i.e., proton Zeeman term only.
bserved less ENDOR intensity when RF pulses were ap
t other than the above free proton frequencies. We sh
oint out that these free proton ENDOR signals are
ensitive; therefore, they belong to the protons in the pho
ited triplet state of the pentacene molecule, and not tho
he host molecules.

The peculiar enhancement of ENDOR signals may be
lained in terms of the effect of RF field on the phase co
nce of spin packets. The EPR lines of solids are inhom
eously broadened, consisting of many spin packets (hyp

sochromats). In the LF transition, the firstp EPR pulse cause
ong-term irreversible mixing of the nuclear and electron
tates. Since we observed little or no echo at a particular
nterval of the two-pulse sequence in the LF transition, the
ackets in the inhomogeneous line may be shifted out-of-p
pon the application of the first microwavep pulse. The effec

s attributed to the dominant non-secular hyperfine terms.
yperfine terms may be expressed to the first order as fol

H hf 5 O i Sz~ AiI z
i 1 BiI x

i !, [1]

herei refers to thei th proton. TheAi terms (secular term
etermine the spectral line position, and theBi terms (non
ecular) induce mixing among hyperfine levels. In the
ransition, the hyperfine terms of some protons are domin
y nonsecular terms, i.e.,Bi . Ai , which yield deep ESEEM
11). One may reexpress the nonsecular hyperfine terms
he second order and keep the flip-flop terms in the effe
amiltonian (10, 12):

H eff }O i ~ A1z
i I 2

i s1 1 A2z
i I 1

i s2!, [2]

hereA6z
i 5 Axz

i 6 iAyz
i , I 6

i 5 I x
i 6 iI y

i , ands6 5 s x 6 is y

the Pauli matrices for the fictitious two-level of the elect
pin).
The large nonsecular hyperfine terms can give rise to

bserved irreversible damping of the ESE signals in the
ransition. Here the effective field at the positions of the e
ron spin and nuclear spins arenot parallel to each other in th
21& substate. Thus, an electron spin flip upon the applica
f a microwave pulse will cause a large change in the dire
f the effective field. This off-diagonal coherence is cle
resent as evidenced from the recovery of electron spin p

zation by applying an RF pulse after the EPRp pulse. In othe
ords, the application of properly prepared NMR pulses
huffle the hyperfine isochromats and force the spin pack
hift back in-phase to give rise to an increase in the
mplitude.
Moreover, the nonoscillatory behavior observed in the
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ransition may arise from the effective polarization transfe
he polarized triplet electron spin to the surrounding pro
nder the influence of the RF pulse. A combination of mi
ave and RF pulse sequences can bring both the electro
nd nuclear spins into resonance and cause an effective

zation transfer to the surrounding protons at the free pr
requencies. Here the Rabi frequency of the electron
ystem (rotating frame in the preparationp pulse) was made
pproximatelymatch the Lamor frequency of the nuclear s

em (laboratory frame) to fulfill the Hartmann–Hahn condit
or an effective polarization transfer. Previously, we have
bserved similar effects in the pulsed transient nutation e

ments where the spectral diffusion and polarization tran
rocesses in the LF transition are one order of magn
reater than those of the HF transition (10). The effective
olarization transfer in the LF transition is attributed to
ubstantial contribution from the nonsecular hyperfine te
ontrarily, when the RF is applied at other than the free pr

requencies, the electron–nuclear polarization transfer is
ffective and gives rise to less ENDOR intensity.
On the other hand, the HF transition is dominated by

ecular hyperfine components,Ai . Bi . Thus, the effectiv
elds at the positions of the electron spin and nuclear spin
early parallelto each other in theu11& substate. The applie
icrowave and RF pulses are effective rotation operators.

an shift the spin packets away from each other, which can
o a decrease in echo intensity after the application of
ulses. The rotation operators presumably induce enough
ersible perturbation to cause the effect to die out after the
alf-cycle of oscillation.
Finally, we should emphasize that the ENDOR effects o
5 1 system with strong spin polarization and peculiar

itioning of electron–nuclear spin manifold are very differ
rom those of an S5 1

2 system. In our case, theu0& state doe
ot have a first-order hyperfine interaction. Thus, ther
lways a largeuncoupledproton contribution to the observ
NDOR effect. The Davies ENDOR pulse sequence adm

0& with u11&, or u0& with u21& states. The flipping of proto
pins during the RF pulse in thecollapsed, uncoupled line
hapecan therefore greatly affect the electron spin time e
ution while reforming the echo even when the electron sp
ater in theu11& or u21& state. This peculiar effect does n
ccur in the doublet states where both the upper and l
tates have the first-order hyperfine interaction. A theore
reatment, applying the spin rotation operators and time
ution operators and utilizing the density matrix formalism
imulate the observed ENDOR effect, is in progress.
In summary, we have demonstrated a peculiar effec

ulsed ENDOR experiments of the photoexcited triplet sta
he pentacene molecule: the behaviors (degree of enhanc
nd oscillation) of the HF transition differ from those of the
ne. We further investigated the dynamic aspects of the

ron–nuclear interaction: properly prepared microwave an
ulses can bring both the electron spin and nuclear spins
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28 KOUSKOV ET AL.
esonance to achieve an effective cross-polarization,
chieve the maximum ENDOR signal. Furthermore, the
uration of RF pulses in our ENDOR experiments may be
s transient nutation pulses, and possibly cause the obs

rreversible signal decay. Thus, the observed pulsed EN
pectra may be taken as the responses of the transient nu
f nuclear spin systems onto the ESE amplitude.

ACKNOWLEDGMENTS

This work was supported in part by the NSF (V.K. and T.S.L.) and in
y the NSC of Taiwan (S.B.L. and T.S.L.).

REFERENCES

1. L. Kevan and L. D. Kispert, “Electron Spin Double Resonance
Spectroscopy,” Wiley, New York (1976).

2. C. Gemperle and A. Schweiger, Pulsed electron–nuclear double
resonance methodology, Chem. Rev. 91, 1481–1505 (1991), and
references therein.

3. W. B. Mims, Electron spin echo, in “Electron Paramagnetic Reso-
nance” (S. Geschwind, Ed.), Chap. 4, Plenum Press, New York (1972).

4. E. R. Davies, A new pulse ENDOR technique, Phys. Lett. 47A, 1–2
(1974).
nd
g
e

ved
R
tion

t

5. W. A. J. A. van der Poel, D. J. Singel, J. Schmidt, and J. H. van
der Waals, Pulsed ENDOR spectroscopy of the interior protons
of free-base porphin in its lowest photoexcited triplet state in an
n-octane single crystal, Mol. Phys. 49, 1017–1028 (1983).

6. M. Mehring, P. Hoffer, A. Grupp, and H. Seidel, Spinor-ENDOR:
200% effect, Phys. Lett. 106A, 146–150 (1984).

7. P. Hoffer, A. Grupp, and M. Mehring, High resolution coherence
transfer ENDOR, Phys. Rev. A33, 3519–3622 (1986).

8. T.-S. Lin, J.-L. Ong, D. J. Sloop, and H.-L. Yu, Spin-echo EN-
DOR Studies of Organic Triplets at Room Temperature, in
“Pulsed EPR: A New Field of Applications” (C. P. Keijzers, E. J.
Rijerse, and J. Schmidt, Eds.), pp. 191–195, North Holland,
Amsterdam (1989).

9. D. J. Sloop and T.-S. Lin, Spin-echo-ENDOR studies of the pho-
toexcited triplet state of pentacene in p-terphenyl crystals at room
temperature, J. Magn. Reson. 86, 156–159 (1990).

0. V. Kouskov, D. J. Sloop, S.-B. Liu, and T.-S. Lin, Pulsed transient
nutation experiments of the photo excited triplet state, J. Magn.
Reson. A 117, 9–15 (1995).

1. D. J. Sloop, H.-L. Yu, T.-S. Lin, and S. I. Weissman, Electron spin
echoes of a photoexcited triplet: Pentacene in p-terphenyl crystals,
J. Chem. Phys. 75, 3746–3757 (1981).

2. D. J. van den Heuvel, A. Henstra, T.-S. Lin, J. Schmidt, and W. Th.
Wenckebach, Transient oscillations in pulsed dynamic nuclear po-
larization, Chem. Phys. Lett. 188, 194–199 (1992).


	INTRODUCTION
	EXPERIMENTAL
	FIG. 1

	RESULTS AND DISCUSSION
	FIG. 2

	ACKNOWLEDGMENTS
	REFERENCES

