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l%orene crystals doped with the guest molecules acridine, phenazine and anthraccne have been studied before due to 
their strong Optical Nuclear Polarization (ONP) in low magnetic fields around 100 gauss. In this paper, these results tc- 

gethcr with supporting new data are interpreted in terms of ONP as a consequence of Level-AntiCrossing (LAC) within 

the excited triplet state of a guest-host complex. 
The results permit a first detailed check of the theoretical model of ONP by LAC including the influence of electronic 

relaxation. Furthermore, they render the spectroscopic parameters needed for the characterization of the triplet-state corn- 
pleses: 

- The zero-field splitting tensor and the orienlation of its principal axes system with respect to the crystalline axes. 

- The proton hyperfine tensor, which is essentially due to one.proton spin in the CHz-group of the fluorene host molecule 

contributing to the complex. 

1. Introduction 

Optical Nuclear Polarization (ONP) has been dis- 
covered in 1967 [l] and has been observed since in a 
number of aromatic molecular crystals. Most challeng- 
ing for the interpretation wete the high absolute polar- 
ization which have been observed at room temperature 
in doped fluorene crystals [2] for rather low polarizing 
fields up to 200 G. 

Although the essential features of the ONP could 
be understood with a general mechanism as developed 
in [3,4] and reviewed in [S,G], it was not possible to 
assign the striking low-field results to the well charac- 
terized triplet states of either the guest or host mole- 
cules. The breakthrough came with the postulation of 
a new type of triplet state in doped fluorene crystals, 
assigned to a complex formation among guest and 
host molecules. Experimental evidence was obtained 
for this interpretation with the direct EPR-detection 
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of the triplet complexes in fluorene crystals doped 
with acridine and phenazine [7]. Alternatively [8], 
the spectroscopic parameters of the triplet state com- 
plexes could be obtained by assigning the low-field 
ONP-results to the polarization effects predicted by 
the general mechanism in the region of level-crossing 
among the spin sublevels of the triplet state complexes. 

Strong ONP associated with level-anti-crossing due 

to the hyperfme coupling has been mentioned already 
in the first treatment of the genera1 ONP-mechanism 
[3] as well as in the detailed analysis of the LAC- 
effects observed in the phosphorescence emission [9]. 
However, this idea has not been pursued due to the 
lack of experimental evidence. 

Given the new situation, a thorough theory of the 
ONP by LAC has been worked out. A qualitative anal- 
ysis based on the genera1 ONP-mechanism [4] is given 
in [6]. A detailed analytical treatment [IO] offers the 
most convenient access to the underlying physical 
concepts. In addition, the crucial role of electrbnic 
relaxation has been cqnsidered [I I]. In particular, 
the influence of selective relaxation with significantly 
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different relaxation rates for the transitions among 
the three triplet spin states turns out to permit a quan- 
titative understanding of the experimental observa- 
tions. 

In this paper, WC want to summarize the cxperi- 
mental results concerning the ONP by LAC in doped 
ff uorcnc crystals. They allow a detailed check of the 
theoretical treatment [lO,l 11. Moreover, they provide 
further evidence for the guest-host complex forma- 

tion and they extend the characterization of the rele- 
vant spectroscopic parameters. mainly the zero-field 
splitting and hyperfine tensor clement~. 

1. Methods and materials 

The optical nuclear polarization has been measured 
by the two-fieId technique as described in [2] and re- 
viewed in_ [5,6]. The ONP can be obtained convenient- 
ly as a function of the polarizing field HP and of its 
orientation with respect to the crystalline axes. It has 
been shown [2a,6] that it is sufficient to measure the 
initial polarization rate j(O) starting with an unpolar- 
ized sample. j(0) is defined by the initial slope of the 
ONP as 3 function of the polarization time. 

The absolute value of the polarization is obtained 
by normalizing to the total number of proton spins in 
the sample via the known population distribution in 
the Boltzmann equilibrium. The experimentally ob- 
tained ONP rate i(O) is proportional to the theoreti- 
cally calculated rate&(O) normalized to one created 
triplet state. The proportionality factor contains the 
number of absorbed light quanta per unit time as well 
3s the quantum efficiency of the intersystem crossing 
process populating the triplet state. Its experimental 
determination is known to be rather involved and in- 
accurate. TlGs is cf no importance for the present 
paper; note, however, that the proportionality factor 
can create large scale differences between the experi- 
mental polarization rates given here and the theoretical 
ones referred to. 

We report measurements on fluorene crystals doped 
with acridine, phenazine and anthracene. The molecu- 
lar structures with the chosen definition of the mole- 
cular axes as well as the fluorenc crystal structure have 
been summarized in [6] and [7]. The light from a 
xenon arc was filtered to excite only the lowest energy 
singlet absorption of the guest molecules. In all cases, 

Table 1 
List or doped fluorcnc crystals investigated in this paper 

No- ppm guest 1 ppm guest II 
-- 

Host: fluorenc-~~lo 

1 1000 ouidine4rg 
2 200 acridine-hg + 2000 acenaphthcnc-hto 
3 1000 acridine-dq 
4 1000 phcnazine-118 
5 100 phenazine48 + 2000 anthracenr-lrlo 
6 1000 anthraccne-1110 

Host: fluorene-d& 

7 1000 acridine-lrg 
8 1000 acridinc-dg 
9 1000 phenmine-de 

10 1000 anlhracene-dlo 

the ONP was found to depend exponentially on the 
polarization time. Furthermore, the initial polariza- 
tion rate &If) was proportion31 to the light intensity 

within experimental accuracy. 
The single crystals investigated in this paper are 

collected in table 1 together with the guest concentra- 
tions 3s prepared in the melt before crystal growing. 

The synthesis of the host materials fluorene-h10 
and fluorene-dg/r2 (9,9’-H2-octadeuterofluorene) was 
carried out in this laboratory [ 121. The host material 
was extensively zone refined and checked for impuri- 
ties which are at least below the 10 ppm level if not 
stated specifically. The crystals were grown from the 
melt, usually giving excellent cleavage planes which 
coincid- with the crystalline ob-plane. Thus, it was 
possible :o orient the crystal accurately (+OS”), in 
particular when the magnetic field had to be oriented 
in the &-plane or perpendicular to it. The positions 
of the crystalline u-and b-axes have been checked 

routinely using X-ray analysis. Independently, the 
orientation dependence of the ONP renders the same 
information. Agreement has been obtained in all cases 
within the experimental accuracy. 

3. Analysis and discussion of the experimental results 

Doped fluorene crystals have been investigated ex- 
tensively [2] because the largest absolute polarizations 



by ONP were obtained in these systems. vow, these 
results become accessible to a detailed interpretation 
on the basis of the working hypothesis mentioned in 
the introduc:ion: 

(a) The observed effects are due to ONP as a con- 
sequence of LAC as described theoretically in rcfs. 
ylo,ll]. 

(b) Ort that basis the analysis of the ONP data 
renders the spectroscopic properties of a new type of 
triplet state, assigned to complex formation between 
guest and host molecules in agreement with the direct 
EPR-results [7]. 

Consequently, in this section, the presentation of 

the results will be combined with the analysis of the 
spectroscopic parameters of the triplet state com- 
plexes. 

3.1. TRIP ptiucipol axes sys&enz of fhe zero-field split- 
ting teuwr 

As in ref. 171 an asterix till be used to indicate 
specific properties of the complexes. The first task is 

the assignment of the principal axes system x*,y*, Z* 
of the zero-field splitting tensor with respect to the 
crystalline axes. We will follow the EPR-conven:ion 
that the z*-axis is defined by the field orientation with 
the largest energy difference between the two lAm(=l 
transitions. This situation corresponds to the level- 
crossing case with the higher field, termed Hi:. 

The assignment of the other axes has been fixed 
with the following choice: One of the principal axes 
was found to be parallel to the long in-plane axis x of 
the tluorene molecules which coincides with the crys- 
talline c-axis for all molecules of the unit cell. Thus, 
the corresponding axis of the complex has been 
termed x* [7]. Note, that this definition determines 
also the relative signs of I? and E*. It is also helpful 
for a comparison with the zero-field splitting parame- 
ters of other molecular triplet states where thex-axis 
often coincides with the long in-plane axis. 

The ONP-theory predicts the largest polarizations 
if the magnelic field is close to the LC-fields and if the 
field is aligned to the principal axes, where level-ccos- 
sing occurs. Hence, the principal axesx*,y*, z* should 

HP= 00Gauss 
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Fig. 1. Optical Nuclear Polarization in a po!xhing field Hp = 80 G a.5 a function of the field orientation in the three CrYSlalline 
planes (taken from ref. 12b]). 

The arrows milr’x the orientation of the ccystalJine axes 0, 6, c and the principal axesx*,y*, z * of the zero-ficl$ splitting tensor 

of the triplet state complex. 
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be assigned v&h respect to the crystalline axes 0, b, c 
by finding those field regions and orientations where 
ONP-extrcma are observed as a function of both, the 
field strength and its orientation with respect to the 
crystalline axes. 

This assignment has been carried out in fig. 1 for 
results reported earlier (see fig. 5 of [2b]) in crystals 
of partly dcuterated fluorene-d&l doped with 
acridine-119 (system 7 in table 1). The orientation de- 
pendence in the &-plane e_xhibits two sets (A and B) 
of a polarization maximum and minimum each. A 
deviation of the field orientation in planes perpendic- 
ular to the &-plane reduces the ONP-extremes; thus 
the orientations characterized by the ONPextremes 
are located precisely in the &-plane. 

The ONP-minima reach their extreme values in 
fields around 150 G while for all other orientations 

the extreme polarizations are observed in lower fie!ds. 
Hence, the former orientations can be assigned to the 
up-field level-crossing case and they have been marked 
* zA B in fig. 1. The precise orientation of the z*-axes 

wa’s determined in fields near the ONP-extreme around 
150 G. 

The ONP-maxima are highest in fields near 80 G 
(see,fig. 1) and the corresponding field orientations 
are found to be perpendicular to the zi B-axes within 

experimental accuracy. They define the’second pdn- 
cipal axis ri B according to the axis defiiitions de- 
scribed above. 

The fact that two principal axes are located in the 
ab-plane requires the third one to be parallel to the 
crystalline c-axis. Indeed, another ONP-extreme is ob- 
served at just this orientation. Note that thex*-axis 
coincides for the two sets A and B of the principal 
axes. Thus, the two sets of principal axes exhibit the 
general features of the two magnetically inequivalent 
sites in the fluorcnc matrix, although the orientations 
of the jJ*,z*-axes in the ob-plane are completely dif- 
ferent from the moleculary,z-axes of the fluorene 
molecules (see table 2). 

For the comparison of the various complex and 
molecular axes with respect to the crystalline lattice 
it is sufficient to specify just one angle in the (n,b)- 

plane. For example, we choose here 

4 cv*, a) q 4 (z*, b) , 04 

and compare it with the angle 

4 (u, 0) q 4 (z, b) , (lb) 

Table 2 
Summary of the orientation of the complex (x*,y*, z*) and 
molecular (x,y, z) axes with respect to the crystalline axes 
(0.b.c) 

Guest Fluorene-guest Isolated molecule 
complex 

4(y*,o)=4(z*,b) 4 (y. a) = 4 (z, b) 

ONP EPR Mol. EPR X-ray 
site 

Phenazine 14’ 14O (A) 57.5’ 
15.5” (B) 57.0” pure 

fluorene 
Acridine 10.5” 11” (A) 59” matrix 

13.5’ (B) 56’ 

Anthracene 11’ - - 55.s0 
56.9’ 

55” IO’ 

Ref. this 171 [7,13,14] [6] of [7] 
work 

known experimentally for the tluorene and guest 
molecules. All data are collected in table 2. The values 
given for the ONP have been averaged over the values 
obtained for all the systems in table 1 as well as over 
the A and B sites. The average has been taken because 
the values for the individual systems and the two mole- 
cular sites never differ by more than 51’. Consequent- 
ly, the deuteration does not affect the orientations of 
the principal axes within experimental error. 

3.2. The zero-field splitting: D*, E* 

The zero-field splitting parameters can be extracted 
from the ONP as a function of the polarizing field HP 
oriented along the principal axes x’,y*, z*. 

The results of some of the systems of table 1 are 
presented in figs. 2-4. The curves have been assigned 
already to the individual level-crossing cases. The 
procedure will be discussed now in more detail and is 
based on the theoretical interpretation as outlined in 
[6,10,11]. 

Quite obvious is the assignment of the curve Hljz* 
(fig. 2, bottom). This orientation is defined to have 
the higher LC-field, i.e., H$. Indeed, only for the 
experimental curve, designated Hllz*, sharp field de- 
pendencies are observed around 150 G while the ONP 
behaves smoothly for the other orientations of the 
field HP in this field range. 
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5, 

0 200 

Fig. 2. Initial ONP.ratei(O) as a function of the polarizing 
fieldHp oriented along the principal axes x*,y*, z*. 

The assignment of the axes to the individual cwfes is 
described in the main text. 

System 1 of table 1: fluorene-hlo + acridine-hs. 

The LC-field Hi> can be determined from the 
field position of the turning point of the slope between 
the positive and negative ONPcontribution. Since the 
slope is rather steep, this field position and hence 
,!Itc can be extracted with an accuracy of better than 
1 G and the values are collected in table 3. 

The assignment of the second LC-case is more in- 
volved. The following arguments, however, support 
the choice H(jy* made in the figures. 

(1) When the influence of selective electronic 
relaxation is considered, the theory [I l] produces 
excellent agreement with the experimental curve 
designatedHl)y*. 

(2) From the EPR-results [7], H]]y* is obtained as 
the second LCcase, in agreement with the ONP- 

assignment. 
With the choice of the x*-axis being parallel to the 

-5. 

6 

-. 

b rm 2m 3m Lm 

HP b-d 

Fig. 3. Initial ONP-rate i(O) as a function of the polarizing 
fieldHp oriented alongy* and z*, the Iwo level-crossing c;lses. 

System 5 of table 1: fluorene.hto doped with 200 ppm 
phenazine4a and 2000 ppm antluacene4flo. 

crystalline c-axis the assignment of the two level- 
crossing cases requires the same sign of the zero-field 
splitting parameters D* and E’. The absolute sign 
cannot be concluded from the present data. However,_ 
arguments have been given in [6] supporting the posi- 
tive sign. Therefore the inserts in figs. 24 use this 
sign for the field dependence of the electronic energy 
levels. 

As pointed out in [11] the influence of relaxation 
hampers a simple evaluation of a precise value of the 
LC-fieldHtv~ from the experimental curves. 

However, in a first approximation, J!& can be 
identitied with the field position of the turning point 
in the downfield slope of the ONP.maximum observed 
for H//y*. This assignment would be analogous to 
that used for H[]z*. It is also obvious tkat this field 
position renders an upper lit for H[c and thus for 
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Fig. 4. tnitial ONP-rate j(O) as a function of Hp oriented 
alongy* and Z* for the partly deuterated host fluorene-d& 
doped with: 

(a) Acridine-hg, system 7 of table 1. 
(b) Phenatine-da, system 9 of table 1. 
(c) Anthracene-dlo. system 10 ol table 1. 

E’. The experimental values are again collected in 
table 3 and marked with the term “upper limit”. The 
comparison with the EPR.values shows that they are 
definitely smaller than the EPR-results, but relatively 
close, which supports this assignment. Note, however, 
that the EPR-parameters result from measurements at 
lower temperatures around 230 K while the ONP re- 
sults have been obtained at or above room temperature. 

An alternative approach to the determination of 
H[G is based on the following sequence of arguments. 
The OhT-curves for Hlly* exhibit one rather accurate- 

ly defined feature: The field position of the sharp 
ONP-minimum on the downfield side of the broad 
ONP-maximum. The theoretical interpretation given 
in [ 1 l] specifies this field position to be within ex- 
perimental error identical to the LAC-field of the 
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Table 3 

LC-fields for the various systems of table 1. For fflly l , two fields are given as described in the text. The zfs-parameters D* and E* 
are calculated from the LC-fields given in the second and third column. The EPR-values are taken from [7]. Standard errors in the 
last decimal are given in parenlheser 

Cucst 

Acridine 

Crystal no. HE> G) H[; (G) Hfi;l$* (G) D* E* 

(table 1) upper limit minimum (cm-‘) (cm-‘) 

1 143 52 45 
2 142 52 44 

3 144 - - 

7 143 50 43 

Average 143(l) 51(Z) 44 0.0134 0.00080 

EPR 141 55 0.0132(l) 0.00093(10) 

Phenazine 5 166(l) 5X3) 45 0.0155 0.00075 

9 165(l) 470) 38 0.0154 0.00060 

EPR 168 57 0.0157(l) 0.00085(10) 

Anthracene 6 129 48 0.0121 0.00078 
10 123(l) 47(3) 0.0115 0.00078 

narrow ONP-contribution, i.e., 

The experimentally obtained values for HfA$* are 

collected in table 3. Depending on the sign of the 
hyperfine splitting element A, *,,t, HiC is upfield or 
downfield from the minimum position. Although 
both the sign and the absolute value of the hyperfine 
tensor elements can be obtained in principle from the 
complete set of ONP-results, at present, the choice of 
the sign in (2) will be left open. In any case, the fol- 
lowing conclusions can be correlated with the two 

field positions given in table 3 for HIIy*: 
(a) The difference between the fields represents an 

estimate of the value of the hyperfine coupling ele- 
ment given in (2). 

(b) Alternatively, the E*-value can be even smaller 
than given by H{G = Hfi$‘*, which then represents 
a new upper limit for q:. It should be emphasized 
that the absolute E*-value is certainly very small, 
more than an order of magnitude smaller than D*. 
Hence, it is not surprising that its determination is 
quite $tical. On the other hand, the exact position 
of HIC hardly affects the determination of the D*- 

value from H$, because the approximation 

is applicable within experimental accuracy as can be 
checked quickly with the values given in table 3. 

Table 3 demonstrates that the zfs-parameter D’ 
agrees within experimental accuracy for the complete- 
ly independent methods. Hence we conclude: 

(1) Both EPR and ONP establish the existence of 
the complex triplet states in doped fluorene crystals 
with the main feature of an unusually small zero-field 
splitting. Note that the complexes are clearly detect- 
able by ONP even in fluorene crystals doped with 
anthracene where no EPR-signals could be observed. 

(2) With their successful interpretation the ONP- 
results represent the first experimental verification of 
ONP by LAC. 

3.3. Further information on the triplet-state complexes 

A set of experiments has been performed with 
fluorene crystals doped with a second guest (systems 
2 and 5 of table 1). The guest was chosen in order to 
provide a deep energy trap which is able to take over 
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any excitation energy in the triplet exciton band of 
the host or energy provided by detrapping processes 
concerning the triplet-state complex. However, the 
ONP-results remain unchanged with respect to the 
LAC.effects and rule out the conceivable possibilities 
mentioned above. 

According to the theory [IO,1 l] the ONP-results 
can render in principle the hyperfine tensor which 
would be an important piece ofinformation concern- 
ing the characterization of the complexes. First, 
however, the question should be answered, which of 

the many protons of the guest and host molecules 

make up the essential part of the hypertine tensor. 
So far, the ONP-results have been interpreted with 

the assumption that only one proton spin interacts 
with the electronic triplet state. In order to check this 
hypothesis expedmentally, the influence of the major- 
ity of the protons can be excluded by selective deutera- 
tion of the guest and host molecules. Although the 
complete set of deuteration possibilities has not been 
investigated yet, the results obtained so far allow im- 
portant conclusions. Fig. 5 presents three ONP curves 
(H/z*) for the progressively deuterated system of 
fluorene doped with acridine. 

Comparing fig. 5(a) and (b), we noie that the 

deuteration of the guest hardly changes the result at 
all. Hence we conclude that the hyperfine tensor due 
to the protons of the guest in the triplet state complex 
is negligible with respect to the predominant hypqrfine 
tensor of the other protons. 

The result for the partly deuterated host molecule 
in fig. 5(c) indicates more significant changes: 

(a) The whole positive region of ONP below 100 G 
is considerably reduced. 

(b) Th? ONP.minimum near zero-field is absent. 
These changes are therefore expected to be due to 

the hyperfine tensor of the aromatic fluorene protons 
within the complex. 

Most important, however, seems the fact that the 

predominant field dependence of the ONP around the 
LC.region centered at 142 G remains essentially un- 
changed with respect td the results of fig. 5(a) and (b). 
As a consequence, the by far predominant part of the 
proton hyperfine tensor is due to the fluorene CH,- 
protons within the triplet state complex. 

Going one step further, we may even cbncIude that 
only one of the W-protons ofa ffuorene molecule 
can be responsible for the predominant part of the 

L- 

PI01 fluorene hlD + acridine h, 
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10” 2- 
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fluorene hTo + acridine d, 

, 

lml A fluorene dehz + acridine h, 

H, IGauss 

Fig. 5. Initial ONP-rate i(O) as a function of Hp oriented 
alongz*, the up-field level crossing case, for the progressively 
dcuteratcd system fluorene doped with acrjdine. 

(a) System 1 of table 1: fluorene-h,o + acridine-hg. 
(b) System 3 of table 1: flu~rcnc-h~~ + ncridine-dg. 

(C) Syslem 7 of table 1: fluorene-d& + acridine-lip. 

hyperfine tensor. The following arguments support 
this statement: 

(I) Inspection of the fluorenc crystal structure (as 

reproduced in [6,7] shows that only one of the CH,- 
protons of a fluorene molecule can be involved in the 
complex formation at a given instant of time. This 
does not exclude the possibility that more than one of 
fluorene host molecules contribute to the complex. 
Alternatively, two or more guest molecules could con. 
tribute to one complex. This possibility seems to be 
ruled out for guest concentrations below 1000 ppm 

used in the present experiments; in addition, the statis- 
tical distribution of the guest molecules in substitution- 
al sites of the fluorene matrix is confirmed by the EPR- 
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[7] and ONP-results. Hence, it is plausible, that a single 
proton site of a fluorene CH?-group plays the central 
role in the complex formation as characterized by a 
large hyperfine coupling. 

(2) The EPR-results (see fig. 3 of ref. [7]) exhibit 
an uninterpreted doublet structure of the IAm = 1 
transitions of the triplet state complexes if the mag 
netic field is aligned near Hllx*. At the present state 
of knowledge it is tempting to interpret this splitting 
as due to the hyperfine coupling constant Ax*_r* of 
one proton in a fluorene CHZ-group within the corn- 
plex. 

Therefore, it seems likely that the triplet state 
complexes in doped fluorene crystals represent the 
rare example of a triplet state, the hyperfine coupling 
of which is mainly due to a single proton spin. It is 
needless to say that by accident this system is ideal to 
study the details of the ONP by LAC. 

Although the present results do not permit the 
analyzis of the complete hyperfine tensor yet, we can 

draw some relevant conclusions: The proton hyperfine 
tensor responsible for the ONP-results has to have ele- 
ments with absolute values comparable to or higher 
than those of the hyperfine tensor known for the 
CHZ-protons in the triplet state of a fluorene monom- 
er. In the latter case both protons are equivalent with 
a nearly isctropic hyperfine tensor and a coupling con- 
stant of about 7 G [14]. 

In this context we should remark that the proton 
hyperfine tensor of the complex is totally different 
from that of the monomer triplet states of both the 
guest and the host molecule, at least with respect to 
the fluorene CHZ-protons. This is in contrast to recent 
observations of the hyperfine coupling in excited 
triplet states of charge transfer complexes [15]. 

A further analysis of the hyperfine tensor in the 
complex requires first an extended theoretical treat- 

ment of the ONP by LAC which can be worked out 
in continuation of [lO,l I]. In addition, further EPR- 
and ONP-investigations are in progress with the aim 
to determine the whole hyperfine tensor of the triplet 
state complex which is hoped to provide a clue to the 
understanding of the nature of the complex formation. 

Finally, we would like to note that the theoretical 
interpretation of the ONP [ll] specifies a selective 
electronic relaxation among the triplet zero-field sub- 
levels of the complex as given by the inequality 

JUX:*Z* S JVXeY*, Jt+ - (3) 

Note that the selectivity (12) corres&ds to the 
predominant relaxation rate W xz observed for the 

triplet state of acridine doped in diphenyl [ 161 at low 
temperatures. Note, however, that the transition 
X* *z* is not the high energy transition in the com- 
plex as it is in the monomer (x * 1). Furthermore, 
the orientations of the z*- and z-axis are rather diffcr- 
ent for the complex and monomer (see table 1). 

Although the ONP-results contain also independent 
information on the selective population and decay 
rates of the excited triplet states, this information is 

more directIy availabIe from the EPR-measurements. 
Hence, they are better used as an independent informa- 
tion in order to distinguish between alternative possi- 
bilities for the assignment of spectroscopic parameters 
from ONP-results. 
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