Unraveling the Room-Temperature Spin Dynamics
of Photo-Excited Pentacene in its Lowest Triplet

State at Zero Field

Hao Wuf, Wern Ngf, Shamil Mirkhanovf, Arman Amirzhan' , Supamas Nitnara’ and Mark

Oxborrow* "
TDepartment of Materials, Imperial College London, Exhibition Road, London SW7 2AZ, U.K.

*Harvard John A. Paulson School of Engineering and Applied Sciences, Harvard University, 29

Oxford Street, Cambridge, Massachusetts 02138, United States

Corresponding Author

*m.oxborrow(@imperial.ac.uk
ABSTRACT

Photo-excited pentacene, upon arriving via intersystem crossing into its lowest triplet state, has
been extensively studied due to the large and relatively long-lived spin polarization that it
exhibits. However, the spin dynamics of these triplets has not hitherto been accurately
determined, with glaring inconsistencies between published values. Using zero-field transient

electron paramagnetic resonance (ZF-trEPR), we here report the determination of a complete set



of depopulation and spin-lattice relaxation rates for the lowest triplet state of pentacene doped at
0.1% into a p-terphenyl host crystal at room temperature in zero applied magnetic field. The
rates of spin-lattice relaxation between the triplet’s sublevels are found to be highly anisotropic
(i.e. transition specific) and not negligible compared to the rates of depopulation from the same
three sublevels back to pentacene’s ground state. The spin dynamics as well as the ZF-trEPR
technique reported here can aid the rational, quantitative engineering of applications such as

room-temperature masers and triplet dynamic nuclear polarization (triplet-DNP).

INTRODUCTION

Pentacene can be substitutionally doped into certain organic molecular crystals during growth to
form dilute solid solutions of individual, isolated pentacene molecules randomly dispersed within
a host lattice. The lowest photo-excited triplet state of such pentacene, T;, exhibits high
paramagnetic spin polarization at room temperature through triplet mechanism (TM)'7, ie.,
spin-selective intersystem crossing (ISC). Though naphthalene, benzoic acid and other molecules
can be used, p-terphenyl is a popular choice for the host molecular crystal since it admits
relatively high concentrations of pentacene (up to a few parts per thousand), is chemically inert
(and thus relatively non-hazardous), and does not sublime at room temperature. Recent
investigations have demonstrated the potential of pentacene-doped p-terphenyl (P:TP) in

applications spanning triplet-DNP*®, quantum computing’® and room-temperature masers’ .

The origin of the pentacene’s lowest triplet state in p-terphenyl is demonstrated in Figure la.
With the optical excitation of 590 nm, the crystal’s pentacene molecules are promoted from the
ground state (Sy) to the first excited singlet state (S;). Through spin-orbit coupling, molecules in

S will thereupon transfer over to the triplet state T, by resonant intersystem crossing (ISC) and



thereupon undergo rapid internal conversion (IC) to the lowest triplet state T,", preserving their
ISC-induced spin polarization. Anisotropic ISC rates, P; (i = x, y and z) lead to a highly non-
Boltzmann initial population distribution across T,’s three sublevels where P,: Py: P, = 0.76:
0.16: 0.08'. At room temperature and zero field, the three sublevels, Ty, Ty and T, are non-
degenerate whose splittings are determined by the zero-field splitting (ZFS) parameters of P:TP.
The center frequencies of these splittings, namely T,-T,, T,-T,and Tx-Ty, are known to be 1.450

GHz, 1.344 GHz and 106.5 MHz, respectively'?.

The usefulness of P:TP (or any equivalent material exploiting TM) depends critically on the rate
constants that determine the guest molecule’s spin dynamics, namely: (i) the overall ISC yield"
together with the normalized population ratios' (three fractions adding up to unity) into T,’s
three sublevels, (ii) the rates of depopulation from these same three sublevels back to the ground
state Sy, and (iii) the rates of spin-lattice relaxation between these same three sublevels.
Concerning (ii) and (iii), no accurate consensus has hitherto been arrived at as to their values. To
complicate matters, almost all measurements of the depopulation and spin-lattice relaxation rates

1, 14-15
d"

have, to date, been performed at high applied magnetic fiel . Though the depopulation rates

at zero field (ZF) can be inferred from their high-field equivalents (and vice versa) through
projective mixing'®"; no straightforward relationship between the spin-lattice relaxation rates at
zero and high field is available. Furthermore, the doping concentration of samples measured and

reported is not always stated, rendering the identification of concentration effects/trends

extremely difficult.
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Figure 1. a) The processes associated with generating highly polarized pentacene triplets at ZF.
Depopulation from the non-degenerate lowest triplet state, T; back to singlet ground state, Sy and
spin-lattice relaxations between the triplet sublevels are indicated by the one-way solid and
dashed arrows, respectively. The relative populations of T;’s three sublevels are represented by
purple circles. b) A p-terphenyl unit cell with alternative doping sites A and B for pentacene at
room temperature. The long in-plane axis, short in-plane axis and out-of-plane axis of pentacene
molecule are denoted by X, Y and Z. c) The origin of a light-induced ZF-trEPR signal (purple
trace). The inset is the schematic demonstration of ZF-trEPR technique in which a pentacene

doped p-terphenyl crystal is loaded inside an LC circuit resonator.

Here, we provide accurate determinations of the depopulation and spin-lattice relaxation rates for

the lowest photo-excited triplet state of 0.1% P:TP. This was achieved using trEPR at ZF. One



practical advantage of working at ZF is that no alignment with the crystal axes (Figure 1b) is
required [vis-d-vis the precision goniometry (implemented through bespoke-angled wedges')
needed for high-field measurements]. The depopulation rates of T;’s non-degenerate sublevels,
Ty, Ty and T, were determined to be {k, ky, k,} = {2.8 £0.5, 0.6 + 0.2, 0.2 + 0.09} x10*s™". The
rates of spin-lattice relaxation between these same three sublevels were determined to be {wy,,
Wyz, Wiyt = 11.1£0.2,22+0.3,04 £ 0.2} x10*s™". The meanings of k; and wj (fori, j=x,y

and z) are displayed in Figure 1a.
EXPERIMENTAL SECTION

Crystal Growth. Pentacene (TCI Europe NV) and p-terphenyl (Sigma-Aldrich, >99.5%) were
purified by sublimation and zone-refining respectively prior to crystal growth. The purified
pentacene and p-terphenyl were mixed in the mole ratio of 1:1000 and sealed in a cleaned
borosilicate tube (inner diameter: 9 mm, Smith Scientific Ltd.) which was then evacuated for 3
hours and filled with Argon (BOC, 99.9999%). The mixed powder was melted in the central
zone of a vertical tube furnace (Elite Thermal Systems Ltd.) at a temperature of 217 °C.
Subsequently, a computer-controlled stepper motor (Velmex Inc.), lead screw, rail and
translation stage (forming a vertical translator) were used to lower the sealed tube out of the

furnace at a rate of 2 mm per hour. A pink crystal was formed after a 3-day growth run.

UV/Vis. The UV/Vis absorbance measurement of a polished P:TP crystal (with the thickness of

1 mm) was performed by a LAMBDA 750 UV/Vis/NIR Spectrometer.

ZF-trEPR Measurements. The P:TP crystal was placed within a suitably sized copper coil
connected in parallel with an adjustable capacitor so forming an LC “tank” resonator (Figure lc,

inset), whose frequency was tuned to one of the material’s zero-field splittings shown in Figure



la. By interrogating the P:TP-loaded tank resonator (loaded quality factor~30) with a
microwave/VHF tone at one of these frequencies within a home-built Q-meter® (= “bridge”)
incorporating I-Q homodyne detection, the evolution of the difference in population (hence spin
polarization) across each ZF splitting (= “transition”) could be detected as a function of time; see
Figures 1c. The rf power level supplied to this bridge (controlling the amplitude of the oscillating
magnetic field irradiating the crystal) was controlled by a cascade of in-line attenuators
(inserted/removed by hand). The homemade broadband amplifier used in our ZF-trEPR circuit
has the bandwidth of 10 MHz corresponding to the time resolution of 16 ns, which enables us to
monitor fast dynamic processes in the sub-microsecond range. Supporting Information,
particularly Figure S1, provides more details as to the anatomy of our ZF variant of a trEPR

18
spectrometer .

Optical Excitation. An optical parametric oscillator, OPO (Litron Aurora Il Integra) pumped
by its own internal Q-switched Nd:YAG laser was used to excite the P: TP crystal. The OPO was
set to an output wavelength of 590 nm, a repetition rate of 10 Hz, and a pulse energy of 0.6 mJ.
The pump laser’s Q-switching fixed the output pulse’s duration to 5.5 ns which was negligible in

comparison to the timescale (microseconds) on which the subsequent spin dynamics evolves.

RESULTS AND DISCUSSION

According to the UV/Vis absorption spectrum of the 0.1% P:TP crystal shown in Figure 2, the
characteristic absorption peak around 590 nm indicates the Sp — S; transition of pentacene
molecules. It agrees well with the theoretical calculations of the lowest optical absorption energy

for P:TP crystals*.
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Figure 2. An UV/Vis spectrum of 0.1% pentacene doped p-terphenyl crystal

To achieve the least perturbed spin dynamics of pentacene’s lowest triplet state, we firstly
investigated how the power level of the applied microwave tone affected the QO-meter’s (in-
phase) output signal; see Figure 3. For all three ZF transitions, emissive signals appear initially,
agreeing with the known population ratios into P:TP’s lowest triplet state'. But since a less
populated sublevel exhibits a longer lifetime, all three ZF transitions eventually become
absorptive. Spin-echo studies (ESE) at high applied magnetic field (at room temperature) display
analogous crossovers'. And as with the study presented here, the time at which the signal crosses

over (from emissive to absorptive) provides a robust, quantitative diagnostic.

In Figure 3, increasing the applied microwave power shortens the cross-over time, so hastening
the demise of the emissive signal, for all three transitions. This arises due to an increased rate of
stimulated transitions (both emission and absorption) with increasing applied microwave power.
At high powers, both Tx-T, and T-Ty signals exhibit transient nutations'’, associated with strong

coupling between the triplet spins and the electromagnetic field®. The observed transient



nutations revealing quantum oscillations have been thoroughly studied in the absence and in the
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Figure 3. The microwave power effect on the trEPR signals at room temperature. The signals of
the Tx-T,, T,-T, and Tx-T, transitions were obtained using resonators tuned at 1.45 GHz, 1.344
GHz and 106.5 MHz respectively. Signals have been shifted and rescaled such that their
baselines lie at zero and their maximum positive vertical excursions reach 1 (in arbitrary vertical
units). “E” denotes emissive and “A” denotes absorptive. The initial population distributions on
the pentacene triplet sublevels according to the population rates stated in ref. 1 (reproduced in

Table 1), are displayed in the insets.

In high-field experiments, that rate at which population in Ty decays back to Sy was found to be

comparable or smaller than the rate of decay from Ty '*"

. However, in Figure 3, even at the
lowest applied microwave power (-25 dBm), the T,-T, trace still shows a much faster decay and

shorter cross-over time compared to the traces for Ty-T, and T-Ty. This observed rapid demise

of the population difference across T,-T, implies rapid spin-lattice relaxation.



It can be seen that, after rescaling, the profile of each of the three measured ZF-trEPR signals
changes little between the lowest few levels of applied power (e.g. for the T,-T, transition
between -45 and -35 dBm). This indicates success in attaining the low-power limit for all three
transitions, where stimulated emission, absorption and nutations can all be neglected. In this

limit, the population dynamics should obey:
Nx = —kxNy = Wies (N = N;) = wyy (N — Ny)
Ny = —kyNy — wy,(Ny = N;) = wyy (Ny = Ny)
N, = —k,N; — w, (N, — Ny) — wyy (N, — Ny)

Here, N; is the population of the i-th sublevel. The kinetic parameters k; and wj; have the same
meanings as those already introduced above (Figure la). Here, the rates of the upward and
downward spin-lattice relaxations, wj; and wj; are assumed to be equal at room temperature (see
Supporting Information for a justification of this assumption). The particular fitting procedure
employed is explained in the Supporting Information. The six rate constants appearing in the
above three equations were iteratively adjusted away from random sets of starting values —see

Figure 4. All fits yielded R-squared values (indicating the goodness of fit) exceeding 0.99.
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Figure 4. Best-fit values of the spin dynamics rates from different sets of starting values. The

distribution of each fitted rate is represented by a box chart labelled with its mean value.

As shown in Figure 4, Ty offers the fastest decay back to the singlet ground state. In planar
aromatic systems, the decay of the triplet sublevels to Sy is dominated by non-radiative
transitions™. Our result agrees well with theoretical considerations and calculations®>
suggesting that the decays from Ty and T, are non-radiative and driven by C-H and C-C
vibrations respectively. Decay from T,, on the other hand, results mainly from a slow radiative
process. Although the fitted value for ki has a relatively large standard deviation, it falls
perfectly into the range reported for k, as deduced from high-field measurements" °. For
completeness, we point out that the room-temperature value of ky as well as those of other

depopulation rates reported by Ong er al.'* are substantially larger than our values and those

reported elsewhere (see Table 1).

Table 1. Room-temperature spin dynamics of pentacene triplets in p-terphenyl obtained at high
field (Hp) and ZF. The units for k; and w; are 10* s and H is measured in T.

ISC yield, ®sc

ref.13

Relative population rates, Py:Py:P,

[0.76:0.16:0.08] ref 1
ki ky k, (z;‘é) (zzg) (:Vv?) H,
~2k.x91(%(.§b” ig 01 5 ig ..(37 b jj)..63b j:})‘,92b ~0.3 ref.1
196.75 fi.39 f(i.gl / iﬁ,‘é’c ig_'gc ~03  refl4
ié(l).jld ~ é(.y31(l)<.z4d” / <0.3¢ / ~0.3 ref.15
/ / / f071 / / 0 ref.9
/ / / i7 1 90 / / 0 ref.26
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*w, is the spin lattice relaxation rate for |0) > |+1) transition, w, for |0) & |—1) and w; for
|-1) & |+1) at high field.

Crates were with Ho//Z.
drates obtained with Ho/X.

Ithis sum of two zero-field depopulation rates is deduced from the published high-field values
through projection, namely: k1 = = (ky + ky), Ko = k;, for Hy//Z and kyy = > (ky +k;), ko =
ky for Ho//X.

Our most significant finding is that the rates of spin-lattice relaxation between the sublevels of
the lowest triplet state in photo-excited P: TP at ZF are anisotropic, with magnitudes comparable
to the sublevels’ depopulation rates. Anisotropy across the spin-lattice relaxations was previously
observed for P:TP at high field', though the high-field rates reported in ref. 1 (appearing in the
top row of Table 1) cannot be direct connected to our own reported rates corresponding to zero
applied field (bottom row of Table 1). In general, for the photo-excited triplet state, the
anisotropic spin-lattice relaxation rates can be ascribed to phonon modulation of the electron

dipolar interaction (zero-field splitting)*’*

. In this case, the rates of spin-lattice relaxation scale
monotonically with the transition frequency (ref. 27 and 28 consider a scaling in proportion to
the splitting squared), then our results should obey the ordering wy, > wy, > wy,. But they do not:
from Figure 4, one observes that the spin-lattice relaxation across the Ty and T, sublevels is the
most rapid. We provide two possible mechanisms which may give rise to the exceptional fast

spin-lattice relaxation of the Ty-T, transition. First, at zero field, the first-order hyperfine

interaction is zero, however, the perturbation of the second-order hyperfine interaction on the Ty-

11



T, transition of P:TP can be observed from the multiple peaks resolved in the zero-field pulsed
free induction decay (FID) EPR signal of the T,-T, transition, while one single peak was
obtained for the T,-T, and Ti-Ty transitions'>. As the phonon modulation of the hyperfine

2930 we assign this as one possible reason

interaction can contribute to the spin-lattice relaxation
leading to the rapid spin-lattice relaxation of the Ty-T, transition. Additionally, it was found that
there is the rocking motion of the phenyl rings about the long-axis of p-terphenyl at room
temperature’’ which could drive the adjacent pentacene molecules to be distorted about their x-

axis and thus promote the interactions of the spins on the T, and T, sublevels with the

surrounding lattice.

A determination of wy, deduced by simulating the response of an experimental maser’ agrees
reasonably well with the value we report here: (0.7 + 0.1)x10% s versus (1.1 + 0.2)x10* s™".
However, the value of wy, reported in ref. 26 is anomalously high; we have no explanation other
than to point out that the authors’ model in this paper was two-level and thus could not have

captured the full spin dynamics.

Based on the previously published determinations of the triplet-mechanism transition rates (i)-
(111) for P:TP (displayed in Table 1), it was surmised that bottlenecking (i.e. the build-up of
population in the more slowly depopulating T, sublevel —acting as the lower maser level) would
preclude continuous (CW) masing across the T-T, transition in p:TP*%32, Analysis shows that a
certain figure of merit, K, as was introduced in ref. 32, must exceed zero for continuous masing
to be possible. Using our current best estimates within the black-lined rectangle of Table 1, we

calculate k to be -0.027+0.084. This indicates that 0.1% pentacene doped p-terphenyl most

probably can’t operate as a CW maser though lies tantalizingly close to the ¥ = 0 boundary.

12



1214 " different host crystal®’, replacing

Modifications such as deuteration of pentacene
pentacene by an aza-derivative of same (or of tetracene)’, or even just a different doping

concentration, could potentially nudge P:TP across into k > 0 territory.

In summary, by means of ZF-trEPR, we have completely quantified the triplet-state spin
dynamics of 0.1% pentacene doped p-terphenyl at room temperature for the first time. We
observe that anisotropic spin-lattice relaxation, resulted from electron dipolar interaction and
second-order hyperfine effect or rocking motion of phenyl rings in p-terphenyl, modifies the spin
dynamics significantly. Our findings lay the foundations for rational designs of room-
temperature masers and triplet-DNP systems based on the photo-excited triplet state of

pentacene.
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