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ABSTRACT

A novei time-resolved ONP technique is presenﬁed using pulsed
UV excitation and rapid magnetic field switching. The potential of
the new technique for studying excited triplet state dynamics on the
microsecond time scale is demonstrated on a fluorene/acridine crystal.
The technique also yilelds a significant enhancement of the ONP éffect

compared to constant-field experiments. .
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1. Introduction

Optical nuclear polarization (ONP) in pure and doped
aromatic molecular crystals has been shown to result from the
coupling of nuclear spins to spin polarized electronic triplet
states populated invan optically driven excitation cycle [1,2].
The coupling may be provided by a static hyperfine interaction in
an. electron triplet level crossing (LC) region [ 3], by electron
spin-nuclear spin relaxation resulting from a time dependent
hyperfine interaction [ U] , or by externally applied radio
frequency fields tuned to "forbidden" electron spin-nuclear spin
transitions [ 5,6]. A common feature of previous ONP experiﬁents
is that the cfystal under investigation is irradiated
continuously with UV light in a constant magnetic field until
sufficient nuclear polarization develops to be detected by
4Sténdard NMR techniqués. Here we present a new tlass of ONP
experiments, using pulsed UV irradiation together. with rapid
field switching, designed to yield a dynamic picture of the ONP
effect and the associated optical excitation éycle as well as to
optimize the ONP.

To understand the strategy behind our experiments, consider
the principle points of the mechanism for ONP induced by statie
hyperfine coupling [2,3,7] - First, UV excitation populates an
electronic triplet state seiectiveiy, in the sen;évthat the three
electron spin sublevels are populated with different
efficiencies. Second,>electron spin relaxation occurs in the

excited triplet state. There are in principle three different
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relaxation rates, one for each pairing of electron spin
sublevels. Third, decay from the excited triplet state to the
ground singlet state may again be selective, in the sense that
the three electron spin sublevels may decay at different rates.
- Selective pobulation, relaxation and decay processes govern the
creation and evolution of electron spin polarization. Being of
purely electronic origin, these processes do not normally affect
nucle;r spins, since the energy splittings between electron spin
sublevels are typically much larger than the hyperfine coupling.
However, in a narrowvmagnetic field region around.an electron
spin level crossing, ﬁhé hyperfine coupling mixes electron spin
and nuclear spin states so that the same processes may create
nuclear polarization. If ONP is generated with continuocus UV

. ’
irradiation, ohly the combined effects of population, relaxation,
and decay can be observéd. On the bther hand, if a pulsed UV
source is used to initiate all optical excitation cycles
simultaneously, it should be possible. to couple and decouplé
nucleéfkspins from particular processes within the cycle.simply
by switching the magnetic field into and out of the LC region.
The contributions of the various processes to the net ONP effect
should then be observable. In addition, we should be able to

extract kinetic parameters for relaxation and decay processes.

2. Methods and Materials
Our experiments make use of the two-phase technique employed
in standard ONP experiments [2,7] . In the polarization phase,

the sample is held in the fringe field of a 43.5 kG.
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superconducting magnet. An auxiliary coil is used to adjust'the
base polarization field Bp. An externally triggered N2 laser
provides 10 ns. UV pulses at 337 nm. An additional field
AB, collinear with Bp, can be switched on and off with rise and
fall times of 2 us by pulsing current through a second auxiliary
coil. A master pulse programmer controls the timing sequence of
UV and field pulses. The general ﬁiming sequence during the polar-
ization phase for the experiments reported here is shown in figure
1. The 50 ms. delay.between consecutive UV pulses is long |
compared to éxcited’triplet lifetimes at room température, where
all of our expebiments were performed. After accumulating
nuclear'polariZation‘for'1S-60 s., the sample is transferred into
an NMH'probegin the superconducting magnet'for the detection
phase. ONP is then measured as the magnitude vathe proton FID
signai foilowing a single 185 MHz radio frequency pulse.
Experiments were performed on single crystals of
fluobene'-dah2 doped with 1000 ppm acridine. The crystal
preparation has beeﬁ described earlier [ 7] . We have used fully
as well as partly deuterated acridine guest molecules. In
agreement with earlier results [2,7,8], acridine protons have no
- significant effect on the overall ONP. Sincé the fluorene
cpyStals show clean cleavage planes perpendicular to the
bcrystélline c-axis, they are readily oriented with the c-axis
aléng the direction of'Bp. "The c¢-axis coincides with the long,

in-plane x-axis of all molecules in the crystalline unit cell.
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Results and Discussion

Earlier ONP experiments on the fluorene/acridine system have
shown a characteristic, dispersion-shaped ONP field dependence
around 400 G. when Bp is oriented along the molecular x-axis [2,8].
Studies with the rf-ONP technique [ 5] have established that this
ONP effect is associated with the room temperaéure LC field

! .
B = 398 G. of the acridine triplet state [8]. In agreement

X
LC
with the earlier results, a negative ONP extremum is observed for
Bp = 410 G. Using this as a base field, agd with B = 100 G, we
measured the ONP effect S(t,t') based on the timing sequence in
figure 1. We report the fesults of the following two experiménts:
. (a) variable T, fixed T' = 5 ms. S(t,t' =5 ms.) is shown in
figure 2a. |
(b) fixed T = 1 us., variable t'. S(t = 1 us.,t') is shown in
figure 2b.
The significant features of the results in figure>2 are summarized
below: _
(1) The ONP effect is significantly énhanced by field:
"switching when T is short and t' is long.
(2) Two distinct ﬁime constants are measuréd in experiments
{a) and (b). The time development in both cases is éxponential.
Least-squares fits yield a time constant of 14+2 ps. in
figure 2a and a time constant of 125:5 us. in figure 2b.
(3) Figure 2a shows that a field switch applied with T 2 40 ps.,
but well within the lifetime of the acridine triplet state,

does not appreciably alter the observed ONP.

Independent of any other measurements on the fluorene/acridine



(7

system, we can most simply interpret the results in figure 2 by
assigning the 14 uys. time constant to a hyperfine-mediated
nuclear spin relaxation time in the excited triplet state and éhe
125 us. time constant to the lifetime of the excited state. The
picture that emerges is that large additional nuclear

V polarization is generated in the seleétive population of the
triplet state at Bp{‘ Relaxation at Bp then reduces that
polarization to the level normally observed in a constant-field
ONP experimeht. This interpretation assumes that nuclear spins
are coupled to electron spin processes at Bp and completely
decoupled at Bp + AB.

Now let us compare our interpretation with known proberties-
of . the fluorene/acridine system. Pure electron spin relaxation
in-ﬁhe acridiné'tviplet state has been studied as a function of
temperature f9). It can be»explained by a mechanism debending on
the modulation of the- zero field shlitting tensor by thermal
‘population of low energy vibrational levels, a mechanism well
studied at low temperatures both experimentally [ 10] and
theoretically [10,11]. Thé electron spin relaxation time at room
temperature in high field is found to be about 5 us. [ 9] .-
vNuclear spinvrelaxation in the excited statg is expec;ed to be
dueito the mixing of electronic and‘nuglear spin states by the
static hyperfine coupling. Thus, the nuclear spin relaxation
rate wn should.be related to the pure‘electron spin relaxation

2

rate we by wn Chf we, where Chf

coefficient which varies between 2~

is a hyperrine mixing

1/2 »
at BLC and O a; Bp >> BL

The acridine triplet lifetime has béen measured by triplet:

C-



(3)

absorption studies to be T, = 300 us. at room temperature [12].

L
The fact that our long time constant is only 125}15. may be
explained by invoking a residual nuclear spin relaxation time T1n n,
200 us. at Bp + AB. The apparent lifetime TLA is then related to
the true lifetime by TE; = T£1f T;;. The mixing |

coefficients at Bp should then be about 4 times larger than those
at Bp + AB. Model calculations of the mixing coefficients [ 3]
support this as a possible explanation.

So far, we have presented field switching solely as a means
of'coupling and decoupling nuclear spins from eleéﬁron spins.
However, field switching itself may actually alter the nuclear
pelarization in the excited state.. The spin eigenstates at Bp
are mixed states of nuclear and electron spin, while thosa at Bp-+
AB are nearly direct products of nuclear spin states anu
electron spin states. Selectivevpopulation at Bp produces
nuclear polarization. If we assume that the-fieid switch
transfers state populations adiabatically, we expect that the
corresponding nuclear polarization at Bp + AB may be differenﬁ.
Using a perturbation theory approach to find the spin eigenstates
as a function of fieldf 3], we estimate the maximum relative
change in nuclear polarization induced by adiabatic field
switching to be 50%. The fact that the ONP in figure 2a

"approaches the constant-field level when t is only 40 ps. is

evidence that the effect is even less than our estimate.

4. Conclusions

We have demonstrated the utility of pulsed ONP experiments
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as a means of extracting dynamic, excited state parameters in
ONP-active triplet states. The data presented here provide
support for the assignment of the ONP observed in
fluorene/acridine systems at Bp% 400 G. and Bp I x to the excited
acridine monomer triplet state. | )

In addition to our rapid magneﬁic field switching expefiments,
other time-resolved ONP experiments are possible. In particular,
pulsed rf-ONP studies are being pursued elsewhere [ 13].

As it becomes possible to monitor the contfibutions of
individual electronic processes to the net ONP effect using
pulsed ONP techniques, experiments may be-desighed to maximize
‘the ONP effect. ONP may be achieved in systems where it would
otherwise;n§t'be»observed, notably in systems with rapid
relaxation and non-selective decay or in systems at low
température, where relaxation is negligible and where the ONP
contributions of selective population and selective decay may

cancel one another.
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Figure Captions:

Figure 1:

Figure 2:

General timing sequence for polarization phase of time-
resolved ONP experiments. Bp = base polarization field;
AB = switched auxiliary field.

ONP signals S(T,T').-proportional‘to initial polarization
rate, from fluorene-dshz'doped Qith 1000 ppm acridine.

Bp = 410 G.; 4B = 100 G. (see figure 1); T = 300 K.

Solid curves are least-squares exponentials. Dashed lines
are asymptotic limits. (a) S(t,r' = 5 ms.), fit to
exponential with 14‘us, time constant. Asymptotic limit
equals constant-field (AB = 0) ONP level.

(b) S(t = 1 ps.,t'), fit to exponential with 125 ps. time

constant.
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