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1 Introduction and Objective 
Devices based on organic optoelectronics are already commercially available and will 

conquer even more parts of daily life. However, for the efficient use of organic materials in 

optoelectronic devices it is essential to understand the electronic structure of the materials. 

Already small changes in the structure of organic molecules can alter their properties [1]. 

A key requirement for organic materials that are to be embedded in optoelectronic devices is 

the temperature stability of the amorphous layer. Thus high melting points and glass transition 

temperatures are essential. These requirements can be met by use of small molecules that are 

designed according to the spiro-concept [2]. Therefore substituted spirobifluorene derivatives 

are suitable for the utilisation in optoelectronic devices.  

Aromatic amines are often utilised as hole conductors [3] for fluorescent [4] and 

phosphorescent [5] organic light emitting devices (OLEDs). Spiro-TAD is one of the most 

common compounds used in this field [6-8]. Spiro-PBD is derived from the electron transport 

material 2-(4-biphenylyl)-5-(4-tert-butyl-phenyl)-1,3,4-oxadiazole (PBD) and has been used 

as scintillator and in laser applications [9]. Spiro-6pp consists of two spiro-linked 

oligophenyls and is an organic emitter with high quantum yields that exhibits lasing properties 

[10].  

Spiro-linked charge-transfer (CT) dyes have been prepared by Maslak and coworkers [11-13] 

from an 1,3-indandione as acceptor and an aromatic amine as donor. The nitrogen or sulfur 

atoms in these compounds are situated next to the spiro carbon atom. So in contrast to the 

situation in spirobifluorene the p orbitals of these hetero atoms take part in the 

spiroconjugation.  

Spirobifluorene derivatives with CT properties have been synthesised by Wong [14] and 

Pudzich [15]. These “top-down” asymmetrically substituted spirobifluorene derivatives show 

clearly different properties from the symmetrically substituted derivatives [16-17]. The 

combination of the functional groups of spiro-TAD as donor and the oxadiazole moiety of 

spiro-PBD as acceptor produces spiro-DPO. Spiro-MeO-DPO has methoxy-substituted donor 

groups. From the sexiphenyl group or larger oligophenyl groups as acceptor moieties result 

spiro-DPSP and spiro-DPSP2 [15].   
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Scheme 1.1: Symmetrically and asymmetrically substituted spirobifluorene derivatives. 
 

Due to the donor-acceptor substitution pattern asymmetric bipolar compounds exhibit charge-

transfer emission and fluorescence lifetimes that are a multiple of those of the symmetrically 

substituted spirobifluorenes. The charge-transfer properties of these compounds have been 

used to develop phototransistors from spiro-DPSP [18], spiro-DPSP2 [19] and spiro-DPO 

[20]. Additionally, solar cells have been built from spiro-DPO by Dipl.-NanoSc. T. Reichert 

[21].  
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This work aims to the understanding of the photophysical mechanisms taking place in spiro-

linked charge-transfer compounds. Only a thourough understanding of the processes taking 

place between absorption of a photon and the emission of luminescence provides the means to 

find structure-property relations that can be utilised for the design of more efficient and 

effective optoelectronic devices such as organic phototransistors and organic solar cells.  
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2 Fundamentals 

2.1 Photophysics of Organic Molecules 

The photophysics of organic molecules deals with electronic transitions within the molecules 

that are caused by the absorption of a photon. Thereby an electron in a bonding orbital of a 

ground state molecule is promoted to an antibonding orbital (denoted by stars in Scheme 2.1). 

Then the molecule is in the excited state.  

In this context the nature of the frontier orbitals, the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO), plays an important role. The 

energy gap between HOMO and LUMO is the smallest gap between an occupied and an 

unocccupied orbital in a molecule. So the transition between HOMO and LUMO lies at long 

wavelengths in the absorption spectrum. It is a precondition for transitions to fulfil the 

selection rules:  

 

0
1,0

1

=Δ
±=Δ

±=Δ

s
m
l

             (Eq. 2.1) 

 

with the orbital angular momentum quantum number l, the magnetic quantum number m and 

the spin quantum number s.  

 
 

Scheme 2.1: Electronic transitions between orbitals with formaldehyde as an example 
(according to [22]) 
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The π - π* transition between a bonding π and an antibonding π* orbital is the most common 

transition in aromatic and organic molecules. In the case of a molecule containing 

heteroatoms (e. g. nitrogen or oxygen) like formaldehyde, a transition of an electron from a 

non-bonding n orbital (HOMO of formaldehyde) to an antibonding π* orbital (LUMO of 

formaldehyde) is also possible.  

This transition is called n - π* transition and differs from the π - π* transition because here an 

electron from the oxygen n orbital moves to the π* orbital that is localised half on the oxygen 

and half on the carbon atom. So in the excited state the oxygen atom lacks some electron 

density that is located on the carbon atom, and the excited state has minor charge-transfer 

character.  

Another difference between n - π* and π - π* transition lies in the dipole moments of the 

ground and the excited state. Whereas the dipole moment of a molecule performing an π - π* 

transition increases by the transition, the dipole moment decreases by an n - π* transition [23]. 

This leads to differing solvatochromic behaviour as will be described in section 2.3.  

The electrons in the occupied orbitals are paired in accordance with the Pauli principle, i. e. 

they have so called “antiparallel” spins s (negative linear combination of the spin functions σ+ 

and σ- with the magnetic spin quantum numbers ms1 = +1/2 and ms2 = –1/2, respectively), 

denoted by arrows which point in opposite directions. The total spin function σsinglet is then: 

 

( ))1()2()2()1(
2

1
singlet

−+−+ ⋅−⋅⋅= σσσσσ        (Eq. 2.2) 

 

If one electron of a pair is promoted to an antibonding orbital its spin remains unchanged. So 

the total spin quantum number S (S = s1+s2) stays zero. The multiplicity (M = 2S+1) of the 

ground state and the excited state is equal to one, therefore these states are called singlet states 

S0 and S1, respectively.  

The multiplicity gives the number of possible orientations of a set of spins that result in a 

certain total spin quantum number S. So a multiplicity of one for singlet states means that 

there is only one way to arrange the spins of the two electrons that gives S = 0. If the electrons 

in the excited state have so called “parallel” spins, the total spin quantum number becomes 

one. Then the multiplicity is three, and accordingly these states are called triplet states T.  

It is noteworthy that the two electrons forming a triplet state do not need to have same 

magnetic spin quantum numbers ms. Actually, the triplet state can be realized by the 



FUNDAMENTALS
   

 6

combinations [ms1 = +1/2 and ms2 = +1/2], [ms1 = –1/2 and ms2 = –1/2], and [ms1 = +1/2 and 

ms2 = –1/2].  

 

( ))1()2()2()1(
2

1
)2()1(

)2()1(
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−+−+

−−
−

++
+

⋅+⋅⋅=

⋅=

⋅=

σσσσσ

σσσ

σσσ

triplet

triplet

triplet

       (Eqs. 2.3) 

 

Only the fact that the spins are never actually parallel, but always enclose a fixed angle, 

provides for a total spin quantum number S of one [24]. According to Hund´s rule a triplet 

state is always lower in energy than the corresponding singlet state because for electrons with 

antiparallel spin the mutual repulsion is stronger. 

 

The strength of the absorption of light by a given medium can be described by the absorbance 

A and the transmittance T:  

 

0( ) log log ( )IA T
I

λ λ= = −           (Eq. 2.4) 

 

The absorbance A can be calculated from the original light intensity I0 and the light intensity I 

after passing the sample. The absorbance can also be found by use of the Lambert-Beer law 

 

( ) ( )A d cλ ε λ= ⋅ ⋅            (Eq. 2.5) 

 

with the molar absorption coefficient ε (λ) in L mol-1 cm-1, the absorption path length of the 

sample d and the concentration of the absorbing species c. The linear dependence of 

absorbance on concentration is only valid for low concentrations when the absorbing 

molecules do not interact.  

The absorbance is dependent on wavelength because absorption at different wavelengths 

conforms with differing electronic transitions. So the absorption coefficients of π - π* 

transitions are in the range of 105 L mol-1 cm-1 whereas those of n - π* transitions are only 

about 102 L mol-1 cm-1 or less. The difference in the absorption coefficients is so large 

because the n - π* transition is only weakly allowed. The overlap of the n orbital (e.g. at the 

oxygen of a carbonyl group) with the π* orbital is almost zero because the orbitals enclose an 
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angle of 90°. This results in a small overlap integral and therefore a minor Franck-Condon 

factor as will be explained in the following.  

Electronic transitions take place according to the Franck-Condon principle. The backgrounds 

for the Franck-Condon principle is provided by the Born-Oppenheimer approximation. It says 

that electrons move so fast compared to the nuclei of atoms that the nuclei can be assumed as 

fixed on the timescale of an electron movement (10–15 s). This also holds for electronic 

transitions because they are nothing else than electron movements between orbitals of 

different energy. So the nuclei of a molecule can be assumed as fixed during the absorption of 

a photon because molecular vibrations take about 10–12 -10–10 s.  

A transition that follows the Franck-Condon principle is called a vertical transition, as 

denoted by a vertical arrow in Scheme 2.2. This means in the case of absorption that the 

molecule changes from the lowest vibrational level of the electronic ground state to that 

vibrational level of the excited state that has matching nuclear configuration. This criterion is 

synonymous with the greatest overlap of the vibrational wave functions of the nuclei in the 

ground and the excited state. The Franck-Condon factor S2
v’,v is the square of the 

corresponding overlap integral  

 

τψψ νννν dRRS ⋅⋅= ∫ ′′ )()(*
,           (Eq. 2.6) 

 

with the vibrational wave functions of the electronic ground state and excited state ψv and 

ψ*
v’, respectively, the nuclear configuration R and the time τ. It describes the transition 

probability between certain vibrational levels.   

In Scheme 2.2 the potential energy curves of the ground and the excited states are shown in 

dependence on the nuclear configuration. If the nuclear configuration of both states is similar, 

the absorption spectrum is dominated by the so called 0-0 transition, as depicted on the left 

hand side. If the potential energy curve of the excited state is shifted with respect to that of the 

ground state, the transition probability to higher vibrational levels of the excited state exceeds 

that to the lowest vibrational level (right hand side).  

Vertical and non-vertical transitions between electronic states of a molecule are visualised 

with help of the Jablonski diagramm (Scheme 2.3). It comprises the vertical transitions for 

absorption and luminescence and the non-vertical transitions internal conversion (IC) and 

intersystem crossing (ISC).  
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Scheme 2.2:Transition between vibrational levels according to the Franck-Condon principle 
and influence of the nuclear configuration, modified according to [25]. 

 

Luminescence phenomena are divided into fluorescence and phosphorescence. 

Photoluminescence is generated when molecules have been brought into an excited state by 

photoexcitation and then drop back to the ground state energy level. Simultaneously the 

energy equivalent to the energy gap between ground state and excited state is emitted as light 

(Scheme 2.3): A molecule at room temperature normally resides in the lowest vibrational 

level of the electronic ground state S0. It can be photoexcited by absorption of a photon and 

reach a vibrational level (thin lines) of the excited singlet states S1 and S2. Vibrational 

relaxation (vertical dotted arrows) leads to the lowest vibrational level of the corresponding 

electronic state. Then the molecule can follow various deactivation pathways: It can move to 

an vibrational level of equal energy that belongs to a different electronic state of same 

multiplicity, this is called internal conversion. In accordance with Kasha´s rule the excited 

molecule can drop to the singlet ground state and thereby emit fluorescence, or it performs 

intersystem crossing to a vibrational level of equal energy belonging to the triplet state T1. 

The triplet state is depopulated by ISC to the singlet ground state or by phosphorescence 

emission from the lowest vibrational level of T1, both processes envolving a spin flip. The 

vibrational structure of the emission spectra is affected by the vibrational levels of the ground 
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state whereas the vibrational structure of the absorption spectrum is determined by the 

vibrational levels of the excited state. 

According to the Jablonski diagram absorption and emission spectra should have the shape of 

lines. This is not observed because in solution two broadening mechanisms are active: 

homogeneous broadening is due to the continuous distribution of vibrational levels in each 

electronic state. Inhomogeneous broadening is caused by the fluctuation of the solvent shell 

that surrounds the molecule. Since various solvent-solute configurations of differing energy 

exist, the spectra become blurred. This holds especially for charge-transfer states because 

their large dipole moments enhance the interaction with the solvent molecules.  

 

 
Scheme 2.3: Jablonski diagram according to [26].  

 
As mentioned above, fluorescence and phosphorescence are distinguished by the multiplicity 

of their excited states: Whereas the fluorescent excited state is a singulet state S1 with the 

electron in the LUMO being of antiparallel spin to the electron in the HOMO, the 

phosphorescence originates from excited triplet states T1 with the electron in the LUMO being 

of “parallel” spin orientation to the electron in the HOMO. Typical fluorescence rate 

constants are in the region of 10-10-10-8 s-1 while phosphorescence rate constants only range 

from 10-6 s-1 to 10 min-1. The reason for this difference is that a spin flip occuring during ISC 

and phosphorescence is a forbidden process. It can only be realised if triplet and singlet states 

are mixed by spin-orbit coupling, as soon as the transition is not from a pure singlet to a pure 

triplet, it may be weakly allowed.  

Since moving charges generate magnetic fields the spin angular momentum as well as the 

orbital angular momentum of the electron create magnetic moments. The interaction of these 
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magnetic moments is called spin-orbit coupling. The strength of coupling depends on the 

orientation of the magnetic moments relative to each other. Additionally the total angular 

momentum S has to stay constant, so if the spin angular momentum changes (spin flip) the 

orbital angular momentum has to change as well, e. g. by a transition like px - py [27]. This is 

the case in n - π* and l - aπ transitions as will be explained in section 2.4.  

Spin-orbit coupling is enhanced by the presence of heavy atoms with high number of charges 

Z on the nucleus because the coupling constant for the mixing of singlet and triplet wave 

functions is proportional to Z4.  

 

The time-dependent behaviour of luminescence can instead of rate constants k more 

demonstratively be described by lifetimes τ :  

 

1
fluo

fluok
τ =              (Eq. 2.7) 

 

The lifetime is the time that passes between photoexcitation and the point in time when the 

luminescence intensity has fallen to 1/e of its initial value. It is a measure for the stability of 

the excited state and accordingly for the allowedness of the transition to the ground state 

(short lifetimes for fluorescence, long lifetimes for phosphorescence).  

Singlet charge-transfer states have lifetimes in the range of several to tens of nanoseconds 

which is already quite long for fluorescence lifetimes. Transitions from a charge-transfer state 

to the ground state are often not as strongly allowed as transitions that start from a local 

excited state because charge-transfer states often have differing nuclear configuration from 

the ground states. This leads to a decrease of the Franck-Condon factor and longer lifetimes.  

With photoexcitation to the excited state a molecule changes its electronic configuration and 

accordingly its dipole moment. This can lead to conformational changes within the molecule 

that tends to find the energetically most favourable conformation.  

Since solute molecules in a more or less polar solvent are surrounded by solvent molecules 

that are aligned according to the dipole moment of the solute these solvent molecules also 

have to change position after photoexcitation of the solute molecule. The reorganisation of 

solvent molecules is characterised by the solvent relaxation time τrel. When the excited 

molecule emits it depends on the relation of τrel to τfluo if the emitting molecule and its solvent 

cage are still in ground state conformation or already relaxed. In the case of τrel > τfluo like in 
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low temperature measurements of glassy samples the molecule emits from its ground state 

conformation and thus at higher energies (shorter wavelengths) than in the case of τrel < τfluo. 

In this case the molecule relaxes before emission. Most interesting is a situation where 

τrel ≈ τfluo because then the emission spectrum changes with time as can be observed in time-

resolved emission spectra [28].  

Especially when a charge-transfer state is reached via photoexcitation the dipole moment of 

the molecule changes drastically inducing conformational changes within the molecule and 

the solvent cage.  

2.2 Charge-Transfer 

In this work the term “charge-transfer state” means states that are generated by an 

intramolecular electron transfer from the HOMO of a donor moiety to the LUMO of an 

acceptor moiety within one molecule. Usually, the electron transfer is photoinduced, i. e. the 

absorption of a photon leads to the generation of a charge-transfer state directly, or absorption 

of a photon causes a transition to a local excited state which decays to a lower lying charge-

transfer state. Depending on the strength of electronic coupling between donor D and acceptor 

A electron transfer happens in an adiabatic or non-adiabatic way.  

If donor and acceptor are only weakly coupled (weak perturbation) electron transfer is a non-

adiabatic process. This is normally the case in systems where the donor is separated from the 

acceptor by a bridge B which often consist of rigid alkyl spacers. In the molecules 

investigated in this work the bridge corresponds to the spiro-linkage. If the bridge does not 

influence the potential energy surfaces of D and A, the states of the diads D-B-A and D+-B-A- 

can be assumed as harmonic oscillators (Scheme 2.4).  

In this case the rate of electron transfer ket can be described by the Marcus theory as 

 

22
et DAk V FCWDπ

= ⋅ ⋅
h

          (Eq. 2.8) 

 

with Planck’s quantum h, the electronic coupling matrix element |VDA| for coupling between 

donor and acceptor, and the Franck-Condon weighted density of states FCWD. The FCWD is 

the sum of the Franck-Condon factors of the vibrational levels of the involved states that has 

been weighted by the Boltzmann population of these levels.  
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Scheme 2.4: Profile of the potential energy surface of reactant (D-B-A) and product (D+-B-
A-) in an electron transfer reaction in dependence on the nuclear coordinates. At the crossing 
point of the potentials a level splitting of 2 |VDA| is indicated by horizontal lines. The activa-
tion energy Ea, the total nuclear reorganisation energy λ, and the free reaction energy ΔGet 
are denoted by arrows.  

 
With insertion of a more elaborate expression for the FCWD one reaches for high 

temperatures the so-called Marcus equation [29] 

 

( ) ( )2
1 222 4 exp

4
et

et DA B
B

G
k V k T

k T
λπ πλ

λ
− ⎡ ⎤− Δ +

= ⋅ ⋅ ⋅ ⎢ ⎥
⎢ ⎥⎣ ⎦h

      (Eq. 2.9) 

 

with the total reorganisation energy of the nuclei λ, the Boltzmann constant kB, the 

temperature T, and the free reaction energy ΔGet. This equation describes the dependence of 

ket on ΔGet and λ which is divided into two regimes. When -ΔGet< λ the electron transfer rate 

increases with increasing free reaction energy, when -ΔGet > λ the electron transfer reaction is 

running in the “inverted” regime, and ket decreases with increasing free reaction energy. At 

-ΔGet = λ the electron transfer rate becomes maximal [30]. ΔGet can be calculated by use of 

the Rehm-Weller equation [31] 

 
2
0

0 1
0

( / ) ( / ) ( )
4et ox red

st DA

eG E D D E A A E S S
rπε ε

+ −Δ = − − − →     (Eq. 2.10) 
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with the oxidation potential of the donor Eox (D/D+), the reduction potential of the acceptor 

Ered (A/A-), the dielectric constant in vacuo ε0, the relative static dielectric constant εst, the 

distance between donor and acceptor moiety rDA, the charge of an electron e0, and the 

transition energy between electronic ground state and first excited state of the donor E (S0-S1).  

The total nuclear reorganisation energy λ is divided into contributions of oscillators within the 

molecule λi and of rearraging solvent oscillators λs:  

 

i sλ λ λ= +              (Eq. 2.11) 

 

The solvent contribution to the total nuclear reorganisation energy depends on the radii of 

donor and acceptor and on rDA as well as on the refractive index n and the static dielectric 

constant of the solvent. The influence of λs on the reaction kinetics is not to be 

underestimated. It clearly shows in the solvent polarity dependence of the fluorescence of the 

investigated molecules (sections 5.2.2 and 6.2.2).  

Strong electronic coupling enables an adiabatic electron transfer reaction. Then the rate of 

electron transfer ket is not dependent on |VDA|2 any more, but only depends on the vibrational 

frequency of the involved nuclei.  

2.3 Solvatochromism  

Solvatochromism is a phenomenon that affects the absorption of solute molecules. It describes 

the change in absorption maxima depending on the solvent polarity and is found in a positive 

and in a negative form.  

Positive solvatochromism means that the absorption signal moves to higher wavelengths if the 

solvent polarity increases. The reason for this effect is the stabilisation of the electronic state 

of the molecule by solvent molecules, especially in polar solvents. The more polar an 

electronic state the more effectively its energy can be lowered in polar solvents. So for typical 

organic molecules that perform π - π* transitions the comparatively polar excited state is 

stabilised to a larger degree than the unpolar ground state. This reduces the energy gap 

between ground state and excited state and thus leads to absorption at higher wavelengths 

(bathochromic shift).  

In the case of negative solvatochromism the ground state is more polar than the excited state, 

then the stabilisation of the ground state leads to an enlarged energy gap between ground state 

and excited state and accordingly a hypsochromic shift of the absorption maxima. Negative 
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solvatochromism occurs in betaines [32-33] and in molecules which perform n - π* 

transitions. The ground state of a molecule with n configuration exhibits a relatively high 

dipole moment because of the repulsion of the electrons in the n orbital [34]. Negative 

solvatochromism also develops with l - aπ transitions as will be explained in the next section.  

In this work, the term “solvatochromism” is also used for solvent effects on emission spectra. 

The reasons for these effects are similar to those influencing the absorption spectra: Positive 

solvatochromism means a bathochromic shift of the emission maximum due to increasing 

solvent polarity. The shift is induced by strong stabilisation of a polar excited state and weak 

stabilisation of the ground state. This is especially the case for excited states of the charge-

transfer type because of their high dipole moments. Negative solvatochromism means a 

hypsochromic shift upon increasing solvent polarity caused by a polar ground state and a less 

polar excited state, correspondingly.  

The Lippert-Mataga relation [35-36] can be used to calculate the change in dipole moment 

between ground state and excited state from the polarity dependent absorption and emission 

shifts:  
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with Planck´s constant h, the velocity of light c, the wave number of the absorption maximum 

absν , the wave number of the emission maximum emν , the dipole moment of the excited state 

µexc, the dipole moment of the ground state µabs, the Onsager radius a [37] which describes the 

solute cavity radius in the solvent, and the solvent polarity parameter function Δf  
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           (Eq. 2.13) 

 

with the static dielectric constant εr and the refractive index n. However, an analysis of 

solvent dependent absorption and emission data according to the Lippert-Mataga relation can 

only be performed if the molecule emits from the same state which has been reached via 

absorption before [38]. This was the case for π - π* absorption and subsequent π - π* 

fluorescence, or if a molecule reaches the CT state directly by absorption and then emits 

charge-transfer fluorescence. However, this does not hold for all molecules studied in this 

work. Spiro-PBD, and spiro-6pp exhibit absorption to local excited states and subsequent 
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fluorescence from these states, so the Lippert-Mataga relation is appropriable. In contrast, 

Spiro-DPO, spiro-MeO-DPO, spiro-DPSP, and spiro-DPSP2 show absorption to local excited 

states, but emission from charge-transfer states and local excited states. Spiro-TAD also 

exhibits differing behaviour in absorption and emission. In this case, B. Valeur [38] suggests 

using Weller’s equation for emitting species with a solvent-independent excited state dipole 

[39]:  
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with the wave number of the 0-0 transition in the gas phase 0em( )ν  which is constant, and the 

solvent polarity parameter function Δf’. In this case Δf’ is  
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          (Eq. 2.15) 

 

If the wavenumber of the fluorescence maximum emν  is plotted against the solvent polarity 

parameter function Δf’, the slope m is -2μexc
2/hca3. Therewith the excited state dipole moment 

can be calculated as 

 
3

2exc
hc a mμ ⋅ ⋅

= −            (Eq. 2.16) 

 

with the estimated Onsager radius [40]  
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=             (Eq. 2.17) 

 

These equations allow for dispersive and dipole-dipole interactions between solute and 

solvent, interactions by hydrogen bonding are not factored in. So the use of protic solvents is 

not advisable as they lead to exceeded hypsochromic shifts for n - π* transitions caused by 

hydrogen bonding interactions [41].  



FUNDAMENTALS
   

 16

2.4 The l - aπ Transition in Aromatic Amines  

The phosphorescence intensity of aromatic amines is about twice as high as of their aromatic 

hydrocarbon analogues, and their triplet lifetimes are shorter. Rawls and Kasha [42] and Lim 

and coworkers [43-45] have investigated this phenomenon on anilines and their N-alkyl 

derivatives. They found that the lone-pair n orbital of the nitrogen atom plays a crucial role in 

enhancing the ISC rate of aromatic amines. The n electrons can give rise to intramolecular CT 

transitions to empty π orbitals of the benzene ring [46-47]. Janić and Kakaŝ have also found 

that the undisturbed n orbital of triphenylamine causes an absorption signal that vanishes with 

protonation of the nitrogen atom [48].  

In aniline, this transition is dominantly influenced by conformation, namely by the magnitude 

of the angle of twist between the n orbital and the π orbitals of the benzene ring. If the n 

orbital lies parallel to the π orbitals of the aromatic ring, the transition has characteristics of a 

π - π* transition. If the angle of twist is 90°, the transition is of n - π* characteristic (as in a 

carbonyl group). Typically the angle of twist in the electronic ground state of aniline [49] for 

example is 46°, so the n orbital of the amino group has mixed bonding and non-bonding 

character. This brought Kasha [50] to define this intramolecular charge-transfer as l - aπ 

transition (“l” stands for “lone pair”, “aπ” for “anti-bonding π orbital”). Analogue to the n - π* 

transition the l - aπ transition exhibits negative solvatochromism because the ground state 

dipole moment is larger than that of the excited state. Typically, the l - aπ transition mixes 

with the π - π* transitions of the benzene ring that have the same symmetry [42]. The 

symmetry plane stretches along the z axis (long axis of the molecule) and the x axis (out of 

plane axis). The resulting mixed charge-transfer states can exist either as singlet or triplet 

state. There are two possible configurations:  

The CTA state causes the 1LA absorption band and is symmetric to the symmetry plane along 

the z axis of aniline. It is largely l - aπ in character, so it shows negative solvatochromism.  

The CTB state induces the 1LB absorption band and is antisymmetric. It is largely determined 

by the benzene analogue π - π* transition and so shows little positive solvatochromism. In 

aniline alkyl-derivatives these bands are located at 245 nm (1LA) and 290 nm (1LB).  

As long as the angle of twist between the nitrogen n orbital and the π-system of the phenyl 

ring is not zero, a CT between them gives rise to a change of angular momentum of the 

transfered electron and therefore to a higher spin-orbit coupling (SOC): The two-centre term 

<χ1|HSOC|ϑ> of the spin orbit interaction only vanishes if the n orbital (ϑ) is parallel to the π 

orbital (χ1) of the aromatic ring [43].  
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The effect of conformation on SOC has been studied by Huber and coworkers [51-52] by 

comparing diphenylamine (DPA), iminobibenzyl, acridan and carbazole (CA) (Scheme 2.5).  

The extent of planarity increases in these systems from non-planar DPA to planar carbazole 

where the n orbital of nitrogen is fully parallel to the p orbitals of the neighbouring carbon 

atoms. Simultaneously, the phosphorescence quantum yield [51] decreases from 73% (DPA) 

to 24% (CA) and the triplet lifetime increases from 2 s to 7.7 s at 77 K (in 

ether/isopropan/ethanol 5:5:2). In fact, Huber et al. [52] showed that the nitrogen atom in 

carbazole is almost uninvolved in spin-orbit coupling whereas in acridan it contributes about 

30% to the electronic spin-orbit coupling term that increases the T1-S0 transition probability. 

In carbazole spin-orbit coupling can only be induced by mixing of π - π* and σ - π* or π - σ* 

transitions  because the angle between the nitrogen n orbital and the aromatic π orbitals is 

fixed to 90° [51].   

Hence the high phosphorescence quantum yields and short triplet lifetimes of aromatic amines 

compared to their hydrocarbon analogues are caused by higher SOC that is induced by an 

intramolecular CT transition from the n orbital of nitrogen to the phenyl ring. The magnitude 

of SOC from these transitions strongly depends on molecular geometry (angle of twist 

between the participating orbitals) and increases with increasing angle (up to 90°). Thus, there 

are some similarities between the SOC in carbonyl compounds as described by El Sayed´s 

rule [53] and the behaviour of aromatic amines.  

H
N N

H

N
H

H H

N
H

diphenylamine iminobibenzyl

acridan carbazole  

Scheme 2.5: Diphenylamine and related compounds 
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2.5 Spiroconjugation 

The electronic properties of spiro-linked hydrocarbons have attracted the attention of some 

authors [54-57] since several decades. Spiro-linked hydrocarbons are twisted by 90° to each 

other and belong to the D2d point group. The electronic coupling across the spiro linkage is 

called spiroconjugation. Spiroconjugation has been subject to electron spin resonance studies 

[54, 58] as well as to model calculations [55].  

The molecules investigated in this work consist of two chromophores that are linked by a 

spiro carbon atom. So generally interaction between the chromophores has to happen via 

spiroconjugation. Spiroconjugation can only occur if the p orbitals of the atoms next to the 

spiro carbon atom are antisymmetric with respect to the planes of both spiro-linked 

chromophores [59].  

 

 

Scheme 2.6: Fischer projection of the p orbitals participating in the spiroconjugation.  

 

Only lobes with same sign can interact to enable e. g. electron transfer and the formation of 

charge-transfer states. For spirobifluorene there is a symmetry mismatch of the wave 

functions in the ground state, spiroconjugation can only occur in excited states [16].  

Maslak and coworkers [11-13] have prepared spiro-linked charge-transfer dyes from an 1,3-

indandione acceptor and an aromatic amine as donor. These dyes contain nitrogen and carbon 

atoms next to the spiro carbon atom so that also p orbitals of hetero atoms take part in the 

spiroconjugation. Maslak stresses that for an electron transfer the HOMO of the donor and the 

LUMO of the acceptor have to have the correct symmetry as mentioned above. In the 

molecules he describes, the LUMO of the acceptor moiety and the HOMO of the donor 

moiety have the necessary symmetry. Interactions between these orbitals lead to level splitting 

creating a new HOMO and LUMO couple that spans the whole molecule. Thus optical 

excitation of the molecule leads directly to the charge-transfer state as becomes obvious in the 
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absorption spectra. As mentioned above this does not hold for the molecules investigated in 

this work as will become clear in the following chapters.  

In recent years Lukeš et al. [60-61] have calculated the geometry of spirobifluorene 

derivatives using the AM1 model [62] and the absorption and fluorescence spectra using the 

collective electronic oscillator method [63]. For spiro-linked oligophenyls they conclude that 

the single moieties planarise in the excited state, that a charge-transfer across the spiro carbon 

atom is likely, and that optical excitation leads to a confinement of the energy in only one of 

the two fluorene fragments. Lukeš et al. [61] as well as Boo at al. [64] found that 

spirobifluorene has a doubly degenerate lowest excited state with the excited electron bound 

to either moiety of the molecule. Differing substitution patterns of the spiro-linked moieties 

result in two energetically different excited states [63]. This is in accord with the results of 

van Dantzig et al. [65] and Hennecke and coworkers [66] who found that vibronic coupling 

between the fluorene fragments of spirobifluorene is also feasable in the ground state as soon 

as the D2d symmetry is broken by different substitution patterns of the fluorene fragments. 

Then also the angle between the spiro-linked moieties can deviate from 90°.  

Spiroconjugation also plays an important role in polyfluorenes because due to the interaction 

between the fluorene moieties excitons can be trapped as charge-transfer states [67-68].   

2.6 Detection of Equilibria 

Since the molecules investigated in this work are large and contain many flexible parts, in 

solution there is a diversity of possible energetically closely spaced conformations. This 

enables the existence of conformational equilibria in the ground and the excited state that 

show by isosbestic and isoemissive points.    

2.6.1 Isosbestic Points 

Isosbestic points can develop in various cases of chemical reactions with two or more 

components, as has been demonstrated by Cohen and Fischer [69] and H. Mauser [70]. The 

conditions for the occurence of isosbestic points are overlapping absorption spectra of the 

participating components and linearly related changes in the concentrations of the 

components. Systems with consecutive reactions do not show isosbestic points [69].  

In the case of only two components isosbestic points occur whether there is an equilibrium 

between the two components or not. Examples for equilibrating systems are tautomeric 

systems like the salicylate anion [71] and the antiinflammatory drug piroxicam [72] or 

systems performing geometric isomerism like azo-compounds [73]. Isosbestic points are also 
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observed in dissociating or polymerising systems like dinoseb acetate [74] that hydrolyses 

spontaneously. In [71] isosbestic points are caused by two equilibrating ground state 

tautomers, isoemissive points (see next section) are not observed because there is no 

equilibrium between the excited states and only one is emissive.  

The compounds investigated in this work show isosbestic points in their temperature 

dependent absorption spectra. These compounds have been purified by reliable methods like 

sublimation and the solvent methyl-tetrahydrofuran has been purchased in high purity and 

further been purified in a two-step process. So it can be assumed that there are really only 

solvent and solute in the analysed sample.  

To give rise to isosbestic points there are only three possibilities: There could be adducts of 

solute and solvent, interactions between several solute molecules or changes in the 

conformation of the solute molecules. Adducts of methyl-tetrahydrofuran with solute 

molecules are unknown, and interactions between two or more solute molecules are unlikely 

due to the cross-shaped structure of the spiro compounds [75]. So the formation of 

conformationally differing solute molecules with temperature dependent equilibria seems 

most probable because the energetic difference between differing conformers should be small.  

2.6.2 Isoemissive Points 

Aladekomo et at. [76] and Hamilton et al. [77] found that the conditions that apply to the 

occurrence of an isosbestic point in absorption spectra do not necessarily apply to an 

isoemissive point in emission spectra.  

For an isoemissive point in a emission spectrum originating from a monomer and an 

equilibrating excimer (e. g. in pyrene) they conclude two conditions. First, the emission 

spectra of monomer and excimer have to overlap. Second, the quantum yields of the monomer 

qm and the dimer qd have to be independent of the temperature T at the wavelength of the 

isoemissive point:  

 

0m ddq dq
dT dT

= =             (Eq. 2.18) 
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2.7 Time-resolved Spectroscopy 

Time-resolved measurements are a common and effective tool in fluorescence spectroscopy 

because time-resolved fluorescence data frequently contain more information than data from 

steady state measurements. For example, in quenching experiments steady state data are not 

adequate to distinguish between static and dynamic quenching because for both phenomena 

only an intensity decrease is detectable. In contrast, time-resolved measurements show a 

reduced lifetime of the fluorophore for dynamic quenching and an unaffected lifetime for 

static quenching [78].  

As explained in section 2.1 the meaning of the term lifetime (or decay time) can be easily 

visualised: Imagine a sample containing an ensemble of fluorophors that are excited by an 

infinitely short δ-pulse. Then the population of excited fluorophors n(t) decays with the sum 

of the rates of radiative (kr) and non-radiative (knr) decay 

 

( ) ( )( )
r nr

dn t k k n t
dt

= − + ⋅           (Eq. 2.19) 

 

After excitation the fluorophors emit randomly which results in an exponential decay of the 

excited state population. In time-resolved fluorescence spectroscopy the time-dependent 

emission intensities I(t) are measured, so advantageously Eq. 2.18 is integrated to 
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           (Eq. 2.20) 

 

where I0 is the intensity at time zero (meaning the point in time of the single excitation δ-

pulse) and τ the lifetime of the fluorophor. Provided that the decay was measured after 

excitation by an infinitely short δ-pulse the lifetime can be calculated in two ways. First, the 

lifetime is the time when the emission intensity I(t) reaches a value of 1/e of the initial 

intensity I0. Second, the lifetime can be calculated from the slope of a semilogarithmic plot of 

log I(t) versus t.  

If the sample is excited by a pulse with finite width as in real fluorescence lifetime 

measurements the lifetime will have to be obtained by least squares fitting as will be 

discussed later on.  
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2.7.1 Time-Correlated Single Photon Counting 

In order to use time-resolved fluorescence spectroscopy the time-dependent intensity profile 

of the emitted light has to be recorded. In principle, a single decay profile can be recorded, but 

this method encounters several practical problems: first the decay would have to be recorded 

very fast because typical fluorescence lifetimes lie in a range of some picoseconds to tens of 

nanoseconds, and the decay curve would have to be fragmented into some tens of signals. 

Second there are many organic fluorophores with low quantum yield so that one excitation of 

the sample would give only a few photons. An increase of the excitation energy can solve this 

problem, but always holds the danger of photobleaching.  

The solution to these problems is time-correlated single photon counting (TCSPC): The 

sample is photoexcited periodically, and for each excitation only a single fluorescence photon 

is detected. Fluorescence is a random process and each fluorophor in a given sample emits 

with same probability. Therefore the photon events of many excitation cycles can be collected 

until a decay profile of the fluorescence emission can be reconstructed as a histogram [79].  

It must be maintained that the probability of registering more than one photon per excitation 

cycle is low. The detector and the electronics of TCSPC systems have dead times of some 

nanoseconds after every registered photon. So if several photons per excitation cycle arrive at 

the detector at differing times, only the first photon will be counted and adds to the histogram 

of the time-dependent fluorescence profile. This leads to an overrepresentation of early 

photons and makes the decay appear shorter than it is (so called pile-up effect). So in practice 

the excitation intensity and the optics collecting the emission are adjusted in a way that only 

1-4% of the excitation pulses cause the detection of a photon. Further consequences of this 

will be covered in section 9.1.5.  

After the experiment the fluorescence lifetime can be extracted from the calculated decay 

curve Nc(t). To get the calculated decay the measured decay data N(t) and the instrument 

response function IRF(t) are needed. The instrument response function is the response of the 

instrument to a zero-lifetime sample. It is the shortest decay profile that can be measured by 

the instrument and represents the time-resolved profile of the excitation pulses. For measuring 

the IRF scattering solutions of colloidal silica in water or simply non-fluorescent solvents are 

used instead of the fluorescent sample. The excitation profile has a certain width that is in a 

time range that is usually similar to the desired lifetime of the fluorophor. It can be regarded 

as consisting of many overlapping δ-pulses. Each δ-pulse excites fluorophors at the time tk in 

the sample so that many overlapping decays of emission Ik(t) are started at different points of 

time. This means that the measured decay N(tk) is the sum of all unaffected decays Ik(t) and 
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corresponds to a convolution of the instrument response function IRF(tk) and the unaffected 

decays [80].  
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= =

= = ⋅ − ⋅ Δ∑ ∑        (Eq. 2.21) 

 

N(tk), Ik(t), and IRF(tk) are dependent on the discrete time tk because in TCSPC experiments 

the counted photons are collected in channels that each correspond to a known time tk and 

have a certain width Δt. For small values of Δt, this equation can be expressed as an integral: 
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This means that the measured fluorescence intensity at time t is caused by the sum of the 

intensities of all δ-function excitation pulses that happen until time t. It also implies that there 

is no time that is defined as zero in a TCSPC experiment because there is no single δ-pulse 

that initiates the fluorescence decay.  

To get the calculated decay curve Nc(t) the decay function I(t-t’) must be found that best 

matches the experimental data. Therefore a non-linear least squares analysis [81] with a fitting 

function for exponential decays has to be performed (with the amplitudes Ai, the time of 

photon emission t and the time of the corresponding excitation δ-pulse t’): 
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Since the calculated decay curve is, like the measured one, a convolution of the IRF and the 

unaffected decays I(t-t’) the fitting procedure is often called “reconvolution”.  

The sum symbol in Eq. 2.22 stands for the case that the fluorescence originates from two or 

even more excited state populations that have been generated by the excitation pulse, e.g. by 

charge-transfer.  
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The goodness of the fit is evaluated by a quantity that is called “reduced chi-squared” 

parameter χ2. 
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− ∑         (Eq. 2.24) 

 

Here n is the number of data points that make up the measured decay curve N(t) and p is the 

number of fitted parameters. n-p is called degree of freedom. [N(i)-Nc(i)]2 is the squared 

deviation of the measured from the calculated decay curve for each data point. Since each 

time-dependent data point corresponds to a time channel, the residuals are summed up from 

channel 1 to n and weighted by the weighting factor W(i). The weighting factor makes sure 

that the data points at short times are weighted stronger that the ones at longer times. This is 

important because every TCSPC measurement is accompanied by background noise. In the 

time channels for longer times less photons are counted than in the channels for short times, 

so the signal to noise ratio of the data in these channels is poorer. Single photon counting data 

follow Poisson statistics, so W(i) can be put as 

 

1W(i)
N(i)

=             (Eq. 2.25) 

 

There are different algorithms that are utilised in least squares analysis, in this work the 

widely spread Marquardt-Levenberg algorithm has been used. The Marquardt-Levenberg 

algorithm works with a gradient method for values far from the minimum of χ2 and analytical 

Taylor series expansions for values near the minimum.  

The gradient method searches from the current value of χ2 along the direction of steepest 

descent of χ2 to find a minimum. It is most efficient in an area where the χ2 surface is steep 

whereas in the quite flat area around the minimum it is less effective.  

The analytical Taylor series expansions of χ2 or of the fitting function are cut after the first- or 

second-order terms. Then a normal least squares minimisation is performed to find the 

parameters that minimize χ2 most. For further information see [82].  

For mono-exponential decays short measurement times are sufficient to determine the lifetime 

τ and corresponding amplitude A. This means only some thousand photon counts in the time 

channel with the highest number of photons (peak channel) provide for enough precision. 

However, multi-exponential decays need some ten thousand counts to precisely determine the 
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sought-after parameters. Otherwise the χ2 surface does not form steep descents to the 

appropriate minima, but remains rather flat [83].  

An additional way to obtain a more precise analysis of multi-exponential decays is a global 

analysis [84] of emission: decays are measured at several wavelengths in the emission 

spectrum. Multi-exponential decays result from overlapping emission spectra that can be 

caused by differing excited states of one compound as well as by excited states of different 

molecules in a mixture. The idea of global analysis is that the rate constants and thus the 

lifetimes τi of the depopulation processes forming a multi-exponential decay are independent 

from the wavelength of emission. In contrast, the correponding amplitudes Ai in a multi-

exponential decay are dependent on wavelength because usually different depopulation 

processes cause differing emission spectra that combine to result in the total emission 

spectrum of the sample.  

So decays that have been measured at several wavelengths in the emission spectrum are fitted 

together on the condition that the lifetimes are the same at each wavelength (they are global). 

Only the contribution of each lifetime to the overall decay (namely the amplitudes Ai) 

depends on the wavelength and can be fitted freely. So usually long lifetimes are fitted with 

higher amplitudes at long emission wavelengths than at shorter emission wavelengths, for 

short lifetimes it works the other way round.  

Global fitting leads to steeper χ2 surfaces and thus to higher certainty for the assignment of the 

lifetimes τi.  
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3 Spiro-TAD 
In chapter 3 the symmetric spirobifluorene derivative (Scheme 3.1) spiro-TAD (2,2’,7,7’-

tetrakis-(diphenyl-amino)-9,9’-spirobifluorene is examined in detail. Due to the symmetric 

substitution pattern only emission from local excited states is expected.  

Spiro-TAD has been investigated by temperature and polarity dependent absorption 

spectroscopy to discuss planarisation effects and dipole moments of the ground state. 

Temperature dependent emission spectra of each compound will be presented. Spiro-TAD 

exhibits strong, longlived phosphorescence emission that is enhanced because of certain 

transitions in the molecule. Comparisons with similar compounds will help find out more 

about the nature of these transitions. Additionally, the crystal structure of spiro-TAD will be 

presented.  

3.1 Absorption  

3.1.1 Temperature Dependence 

The room temperature absorption spectrum of spiro-TAD shows two main bands, one around 

305 nm, the other at circa 380 nm. Both appear broad and structureless, but this changes with 

decreasing temperature.  

N

N

N

N

Spiro-TAD  
Scheme 3.1: The symmetrically substituted spirobifluorene derivative spiro-TAD.  
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Fig. 3.1: Temperature dependent absorption coefficient of spiro-TAD in methyl-THF. 
Isosbestic points at 303 nm (115 K-200 K), 374 nm (77 K-170 K) and 383.5 (77 K-145 K) are 
indicated by stars. 

 
The short wavelength signal does not change considerably down to low temperature when two 

signals at 293 nm and 309 nm become visible. These signals are very similar to those detected 

in temperature dependent absorption spectra (Fig. 3.2) of triphenylamine (Scheme 3.2). Here, 

two signals at 287 nm and 306.5 nm evolve from one broad room temperature signal with 

decreasing temperature. They are attributed to the 1LB band of a mixed π - π* and l - aπ 

transition from the lone-pair n orbital of the nitrogen atom to an adjoining phenyl ring in 

analogy to the behaviour of aniline alkyl-derivatives [43] which has been explained in section 

2.4. Probably the short wavelength signals observed for spiro-TAD represent a mixed π - π* 

and l - aπ transition involving the nitrogen atom and an adjoining phenyl ring as well. 

Additionally, the isosbestic point at 303 nm (Fig. 3.1) is comparable to that of triphenylamine 

at 296 nm.  
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triphenylamine 
        (TPA)

2-amino-fluorene
        (2-AF)

2,7-diamino-fluorene
          (2,7-DAF)

 
Scheme 3.2: Compounds that are structurally related to spiro-TAD.  

 
In contrast, the long wavelength signal in the spiro-TAD absorption spectra (Fig. 3.1) changes 

as soon as 270 K are reached. A vibrational structure evolves, and at least six vibrational 

modes can be resolved. Additionally, the signal shows a rapidly growing absorption 

coefficient with decreasing temperature, especially at the red edge of the signal (ε (388.5 nm, 

77 K) = 1.96⋅105 L⋅mol-1⋅cm-1). Both changes are hints to a planarisation in the corresponding 

part of the molecule.  

Three isosbestic points show also in the solidifying solvent (Tm = 137 K) and prove the 

existence of more than one solute species in the sample below room temperature. Since the 

Fig. 3.2: Temperature dependent absorption spectrum of triphenylamine in methyl-THF. The 
isosbestic point at 296 nm (115 K-200 K) is indicated by a star.  
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used compounds have been purified extensively, these species are interpreted as differing 

ground state conformers of spiro-TAD with the conformation being temperature dependent.  

Which part of the molecule is involved and what kind of transition causes the long 

wavelength signal shall be further investigated in section 3.1.2. The signal cannot be caused 

by normal π - π* absorption of the fluorene or the bifluorene moiety because these signals lie 

at maximal 308 nm [85-86]. Because of the strong vibrational structuring the underlying 

transition cannot be a pure CT either. The absorption of a large conjugated system that is 

rather flexible at room temperature, but becomes stiff upon cooling, should be involved.  

The vibronic at 388.5 nm, probably the 0-0 transition, becomes better resolved and about 

three times more intense when cooling to 77 K. This is a hint that, in contrast to the behaviour 

at 293 K, the conformation (nuclear configuration) of the ground state at 77 K resembles that 

of the excited state. Then the intensity of the 0-0 transition exceeds that of all other vibronics 

because it has the highest Frank-Condon factor. This happens only if the potential curves of 

excited state and ground state are not shifted with respect to each other [87] , e. g. because of 

configurational changes between excited state and ground state.  

3.1.2 Polarity Dependence 

To find out about the origin of the 380 nm absorption signal of spiro-TAD, absorption spectra 

of similar molecules (Scheme 3.2) were analysed. Analogue to the mixed π - π* and l - aπ 

transition between the nitrogen n orbital and the phenyl moieties that cause the absorption 

signals of triphenylamine a similar transition to the fluorene moiety can be expected.  

In 2-amino-fluorene (2-AF in Scheme 3.2) only a mixed π - π* and l - aπ transition like this 

can occur, and actually a signal at 287.5 nm fits this assumption. A new, broad signal at 

318.5 nm may be due to intramolecular CT from the nitrogen n orbital to parallel π orbitals of 

the fluorene moiety. Both signals show positive solvatochromism, so they are mainly of π -

 π* character.  

Regarding the spectrum of 2,7-diamino-fluorene (2,7-DAF in Scheme 3.2) it shows the 

typical absorption signals (295 nm and 301 nm) of the 1LB band and another bathochromically 

shifted signal at 339 nm. Compared to 2-amino-fluorene the long wavelength transition is 

even easier to excite, so the π-system has to be more extended than in 2-amino-fluorene. 

Perhaps the electron-pushing effect of the second nitrogen atom in 2,7-diamino-fluorene 

induces the bathochromic shift. Because of the positive solvatochromism of both signals the 

molecule should be planar which can be explained by mesomerism between the nitrogen 

atoms and the fluorene moiety.  
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In the spiro-TAD absorption spectrum at room temperature (Fig. 3.3) three signals can be 

distinguished: A long wavelength band around 380 nm (“peak 1”), a band at about 310 nm 

(“peak 2”), and a short wavelength band around 240 nm. This signal is attributed to the 1LA 

band that is typical for aromatic amines (see section 2.4).  

Fig. 3.3: Absorption coefficients of spiro-TAD in solvents of different polarity at room tempe-
rature. Spectral values of the peaks and absorption coefficients can be found in section 9.3. 

 
Peak 2 has already been discussed in section 3.1.1, it has been designated to the 1LB band of a 

mixed π-π* and l-aπ transition involving one nitrogen atom and an adjoining π-system. The 

weak positive solvatochromism (1 nm going from cyclohexane to 2-methyl-THF, see Fig. 3.4) 

supports this interpretation because the 1Lb band has mainly π-π* character as has been 

explained in section 2.4.  
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Fig. 3.4: Peak values of the absorption spectra of spiro-TAD at room temperature. Peak 2 
(left) shows positive solvatochromism (overlapping with the solvent absorption for 2-buta-
none and acetone) because it is dominated by a π - π* transition. Toluene shows specific 
interaction with spiro-TAD. Peak 1 (right) exhibits negative solvatochromism as the 
corresponding transition is mostly l - aπ in character.  
 
Peak 1 at about 380 nm could be induced by a similar mechanism as the absorption signal of 

2,7-diamino-fluorene at 338.5 nm. But this transition differs from the unknown spiro-TAD 

band because it shows positive solvatochromism whereas the signal of spiro-TAD exhibits 

weak negative solvatochromism (2 nm going from cyclohexane to acetone, see Fig. 3.4). 

Hence can be deduced that the transition in spiro-TAD has mainly l - aπ character and that the 

intramolecular CT happens between non-coplanar n and π orbitals. Additionally, the excited 

π-system should be even larger than in 2,7-diamino-fluorene.  

This suggests that the long wavelength absorption band in spiro-TAD is a mixture of an l - aπ 

transition and a π - π* transition in one “half” of the molecule: The l - aπ transition would take 

place between the n orbital of one nitrogen and a π-system consisting of fluorene and the 

other nitrogen (backed by the electron pushing effect of the phenyl rings), conjugated by 

mesomerism (Scheme 3.3 with R = Ph). 
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Scheme 3.3: Mesomerism in 2,7-diamino-fluorene (R, R1, R2 = H) and spiro-TAD (R = Ph, 
R1, R2 = fluorenyl). In the case of spiro-TAD only one “half” of the molecule is considered.  
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The π - π* transition would take place in the very π-system just described above. The 

evolving structure shows that the molecule planarises with decreasing temperature which 

should change the weight for the l - aπ and the π - π* transition in the mixture of transitions. A 

planarisation at low temperature should favour the π - π*. At high temperature the thermal 

motion of the molecule would weaken the conjugation between the fluorene moiety and one 

of the neighbouring nitrogen atoms so that an l - aπ transition would be more likely (see also 

section 3.4 for crystal structure data).   

 

The loss of planarity upon warming of the sample produces a hypsochromic shift and bears a 

certain similarity to the thermochromism in oligo- and polythiophenes [88-89] and poly-

(phenylenevinylenes) (PPVs) [90]. Solution and solid state samples of these compounds 

suffer a loss of conjugation length at higher temperatures because the sidechains become 

bulkier and force the polymer backbone to twist. This reduces the conjugation between the 

monomer units and thus causes a hypsochromic shift of the absorption spectrum.  

 

3.2 Steady State Luminescence 

3.2.1 Temperature Dependence 

Temperature dependent fluorescence spectra of spiro-TAD (Fig. 3.5) show standard 

fluorescence from a local excited state that is probably of π − π* origin as will be shown later. 

With decreasing temperature the vibrational modes sharpen because heterogeneous 

broadening is reduced.  

Additionally, the fluorescence intensity increases because radiationless decays triggered by 

collisions with solvent molecules are diminished. The maximum shifts bathochromically from 

398 nm to 401 nm when the temperature is reduced from 293 K to 150 K until the melting 

point of 2-methyl-THF (Tm = 137 K) is reached. This effect develops because the dielectric 

constant increases gradually with falling temperature [91-92].  
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Fig. 3.5: Temperature dependent steady state fluorescence of spiro-TAD measured in 2-
methyl-THF (λex = 370 nm).  
 
At 77 K the solvent is solid allowing little motion of the molecule, so the excited state 

molecule is not able to relax totally before emission. With increasing temperature the glass 

transition at 91 K [93] is reached, and more relaxation is possible inducing a bathochromic 

shift up to the melting point.  

Fig. 3.6: Temperature dependent steady state phosphorescence of spiro-TAD measured in 2-
methyl-THF (λex = 370 nm). 
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The steady state phosphorescence of spiro-TAD (Fig. 3.6) shows at low temperature very 

intense and quite structured emission which is typical of π − π* transitions. Its vibronic 

structure resembles at low temperatures the mirror image of the absorption spectrum (Fig. 3.1) 

what indicates that the Franck-Condon excited singlet, the triplet state and the ground state 

have similar conformation at 77 K.  

Fig. 3.7: Temperature dependent steady state luminescence of spiro-TAD measured in 
methyl-cyclohexane (λex = 360nm). The isoemissive points at 392 nm, 401 nm, and 416 nm 
(115 K-295 K) indicate the presence of differing states.  

 
The steady state luminescence of spiro-TAD in methyl-cyclohexane shows similar features to 

the solution in methyl-THF. The fluorescence maximum at room temperature exhibits a 

normal hypsochromic shift (393 nm instead of 398 nm in methyl-THF), the phosporescence a 

small bathochromic shift (512 nm and 553 nm versus 513 nm and 557 nm in methyl-THF). 

This second shift points to an excited state that has a smaller dipole moment than the ground 

state of the transition like is common for l - aπ transitions. So the low temperature 

phosphorescence of spiro-TAD comprises elements of an π - π* and an l - aπ transition.  

Note that the phosphorescence spectrum shows almost no relaxation between 77 K and 130 K, 

this is due to the solvent that does not form proper glasses in contrast to methyl-THF. 

Isoemissive points in the fluorescence spectrum are probably caused by conformationally 

differing excited state species in equilibrium.  
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3.2.2 Polarity Dependence 

Polarity dependent room temperature fluorescence spectra of spiro-TAD show moderate 

positive solvatochromism of 8 nm going from cyclohexane to acetone as solvent. An excited 

state with larger dipole moment than the ground state is typical of π − π* transitions.  

Fig. 3.8: Room temperature emission spectra of spiro-TAD in solvents with increasing pola-
rity (from left to right). Peak values of all spectra can be found in the appendix (section 9.5). 

 
As shown in section 3.1.2 (Fig. 3.4), the absorption spectra of spiro-TAD exhibit weak 

negative solvatochromism. This means a ground state with larger dipole moment than the 

excited state which indicates at least partial l − aπ absorption. So the state that is reached by 

photoexcitation is different from the state that emits fluorescence. Because of this difference 

the Weller equation has to be used to calculate the excited state dipole moment, the Lippert-

Mataga equation cannot be utilised. 

The Weller-plot analysis gives a dipole moment of the excited state of about 7 D which is a 

common range for π − π* transitions [94].  
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Fig. 3.9: Weller plot of spiro-TAD. Peak values in toluene solution are not included in the 
linear fit because toluene shows specific interactions with spiro-TAD.  

 
 

3.2.3 Fluorescence Quantum Yields 

As Table 3.1 shows, the relative fluorescence quantum yield of spiro-TAD in different 

solvents varies between 32% and 59%. The higher value for solution in cis-decalin may be 

caused by the high viscosity of this solvent (3.39 mPas at 20°C, [95]). The moderate quantum 

yield of spiro-TAD may be caused by the presence of the l − aπ transition because it increases 

the spin-orbit coupling. So some excitation energy can drain off to triplet states and decay 

radiationslessly at room temperature. Another possibility for excitation energy loss lies in the 

flexibility of the molecule as photoexcited molecules can relax via rotating phenyl or 

aminodiphenyl groups.  

Table 3.1: Relative fluorescence quantum yields of spiro-TAD in solvents of different polarity 
(c < 10−5 M).  
  

solvent quantum yield [%] 
cyclohexane 39 
cis-decalin 59 

toluene 33 
2-methyl-THF 34 

2-butanone 38 
acetone 32 
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3.3 Time-resolved Luminescence Spectroscopy 

3.3.1 Gated Phosphorescence Spectroscopy 

By means of an intensified CCD camera the phosphorescence emission can be detected up to 

room temperature (Fig. 3.10). At low temperature only the structured spectrum of the 

phosphorescence is observed. With increasing temperature the solvent is melting, and delayed 

fluorescence is detected which has been produced by triplet-triplet-annihilation.  

Fig. 3.10: Temperature dependent gated phosphorescence spectra (delay 1 µs, integration 
time 10 ms) of spiro-TAD, measured in methyl-THF. Spiro-TAD was photoexcited at 
λex = 335 nm. For high temperature measurements higher concentrations (c = 5.7⋅10−6 Μ) 
had to be chosen to make the phosphorescence detectable which also resulted in self-
absorption effects in the delayed fluorescence spectra.  

 
The fact that phosphorescence can still be observed at room temperature (as is common for 

the n − π* transition of carbonyl compounds [96]) makes it probable that a transition with 

change of angular momentum of the decaying electron is involved, presumably a l − aπ 

transition. Moreover the ratio of the intensity of the first vibrational band of phosphorescence 

at 513 nm to that of the rest of the spectrum decreases at higher temperature, indicating that 

the phosphorescence emission comprises the emission of more than one species. These 

species might be, similar to those concluded from the absorption spectra, defined by differing 

conformations that are temperature dependent and favour either the π − π* transition or the 

l − aπ transition.   
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3.3.2 Phosphorescence Lifetime Measurements 

With the help of gated phosphorescence spectra the lifetimes of phosphosrescence and 

delayed fluorescence can be calculated (see section 9.1.6). At low temperature the very long 

lifetimes (Table 3.2) are typical of a π − π* transition. At higher temperatures the lifetimes lie 

within a regime that is typical of n − π* transitions [97].  

 

Table 3.2: Phosphorescence lifetimes of spiro-TAD in 2-methyl-THF (c < 10−5 M). For 
fitting of the phosphorescence decays see section 9.8.1.  

  
T [K] τphos [ms] τdelFluo [ms] 

77 1920 - 
94 1454 - 
115 1118 - 
145 160 n. a. 
200 3.7 0.5 
293 0.2 0.1 

 

It is thus assumed that the molecule emits phosphorescence from a mixed π − π* and l − aπ 

state where the ratio of the mixture is dependent on temperature and the conformation that is 

energetically most favoured at each particular temperature. Thus at low temperatures partial 

planarisation that allows for a greater conjugated π-system, including one of the nitrogen 

atoms, is possible. This does not seem to be favoured at room temperature, but becomes 

energetically more advantageous at lower temperature. Nevertheless, planarisation cannot be 

total, i. e. the n orbital of one nitrogen atom cannot lie in the fluorene π-system plane. Total 

planarisation would mean that there is no change in angular momentum when an electron is 

transferred from nitrogen to fluorene. Accordingly, there would be no enhanced SOC and no 

intense phosphorescence. 

3.3.3 Fluorescence Lifetime Measurements 

The fluorescence lifetimes of spiro-TAD (Table 3.3) at room temperature show biexponential 

behaviour and the short lifetimes of a local excited state. The biexponential decays are 

probably induced by complex kinetics which means that the emission happens not only from 

the relaxed Franck-Condon excited state. With increasing solvent polarity the lifetimes 

slightly grow which is a normal effect. Polar solvents improve the conformational relaxation 

of the analysed compounds which leads to greater deviations from the Franck-Condon excited 

state conformation and thus to slightly longer lifetimes.  
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Table 3.3: Fluorescence lifetimes of spiro-TAD at room temperature in various solvents 
(c < 10−5 M, λex = 375 nm). The value of χ2

glob holds for the global fittings. Concerning the 
amplitudes of globally fitted lifetimes see section 2.7.1.  

  
solvent τ1 [ns] τ2 [ns] χ2

glob 
cyclohexane 0.33 1.00 1.045 
cis-decalin 0.40 1.02 1.065 
methyl-THF 0.47 1.15 1.066 
2-butanone 0.27 1.02 1.066 
acetone 0.63 1.33 1.088 

 

3.4 Crystal Structure of spiro-TAD 

The crystal structure of spiro-TAD (see section 9.9.1) shows an orthorhombic crystal system 

whose elementary cell contains eight molecules. The angles between the bonds of the nitrogen 

atoms to the neighbouring carbon atoms are always about 120°, i. e. the nitrogen atom lies in 

the plane that stretches between the carbons that are adjoining it and is sp2 hybridised: Three 

hybrid orbitals form the nitrogen-carbon bonds, the remaining p orbital is situated 

perpendicular to the latter. By dint of the appropriate software the surface normal vectors of 

the π-system planes neighbouring the nitrogen atoms can be calculated. These surface 

normals are parallel to the alignment of the ring p orbitals. In the same way the plane that 

stretches between the three carbons next to one nitrogen atom and the appropriate surface 

normal can be calculated. This surface normal can represent the p orbital of nitrogen. In this 

way one can estimate the angles of twist between the nitrogen p orbital and the π-system of 

the neighbouring rings. As pointed out in section 2.4, this angle of twist is crucial for the 

creation of spin orbit coupling. 

Calculation yields no pair of surface normals (ring and nitrogen plane) that are parallel or 

perpendicular to each other, but the angle of twist varies between 13° and 46°. So the 

requirements for an l−aπ transition are fulfilled. Additionally, in each “half” of the molecule 

there is one nitrogen atom (N2 and N4, respectively) with smaller angle of twist to the 

fluorene moiety than to the adjoining phenyl rings, suggesting that this nitrogen´s p orbital 

shares greater electron density with the fluorene π-system than the other.  

Additionally, the angle between the fluorene moieties (87.6°) deviates from the ideal value of 

90°. Therefore spiro-TAD does not belong to the point group D2d although both fluorene 

moieties are evenly substituted. So a ground state dipole moment is not forbidden for reasons 
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of symmetry (see section 2.5), and in fact a ground state dipole moment has been observed in 

section 3.1.2 by negative solvatochromism of the absorption spectra.  

 

 

Fig. 3.11: Crystal structure of spiro-TAD.  
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3.5 Discussion 

It is concluded that spiro-TAD shows two main transitions in its absorption spectrum. The 

short-wavelength absorption is attributed to a mixed π - π* and l-aπ transition involving the n 

orbital of nitrogen and an adjoining phenyl ring (1LB band [43]). In the long wavelength 

region absorption shows strong structuring at lower temperature with the 0-0 transition being 

strongly pronounced. It also shows a small hypsochromic shift with increasing polarity of the 

solvent. This transition is attributed to a mixed l - aπ and π - π* transition involving the 

fluorene moiety. The π - π* component becomes more pronounced at low temperatures 

because of planarisation of the molecule.  

The fluorescence shows the usual features of a π - π* transition whereas the phosphorescence 

is presumably of mixed π - π* and l - aπ character with the π - π* character dominating at low 

temperatures. The presence of an l - aπ transition that enhances spin-orbit coupling can 

explain the intense phosphorescence emission that is even detectable at room temperature.  
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4 Spiro-PBD and spiro-6pp 
Chapter 4 presents the symmetric spirobifluorene derivatives (Scheme 4.1) spiro-PBD 

(2,2’,7,7’-tetrakis-(2-(4-tert-butyl-phenyl)-1,3,4-oxadiazole-5-yl)-9,9’-spirobifluorene) and 

spiro-6pp (2,2’,7,7’-tetrakis-(biphenyl-4-yl)-9,9’-spirobifluorene). They are symmetric sub-

stituted spirobifluorenes, so according to [65] only emission from local excited states should 

be observed, as is verified by the fluorescence spectra. Different from spiro-TAD, spiro-PBD 

is an electron conductor and has acceptor properties, spiro-6pp is an emitter material.  

Spiro-PBD and spiro-6pp have been investigated by temperature and polarity dependent 

absorption spectroscopy. Planarisation effects and change of dipole moment by 

photoexcitation will be discussed as well as temperature dependent emission spectra of each 

material.  

 

O

N NO

N N

Spiro-PBD

Spiro-6pp  
Scheme 4.1: The symmetrically substituted spirobifluorene derivatives spiro-PBD and spiro-
6pp.  

 
 

4.1 Absorption  

4.1.1 Temperature Dependence 

The room temperature absorption spectrum of spiro-PBD (Fig. 4.1 and Scheme 3.1) shows 

five distiguishable vibronics and absorption coefficients up to 6.8·104 L mol−1 cm−1. The clear 
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structuring of the absorption differs from PBD derivatives that are not part of a 

spiroconjugated molecule. These molecules exhibit only a single absorption band due to 

rotation of all three phenyl rings. PBD derivatives exhibit a π - π* transition and minor 

charge-transfer character as the adjoining phenyl rings are donors for the oxadiazolyl acceptor 

in the ground state [98]. Furthermore, the absorption spectrum of spiro-PBD is 

bathochromically shifted compared to these PBD derivatives. This effect is probably due to 

the enhanced conjugation of the phenyl rings in fluorene compared to biphenyl, this a more 

planar π-system leads to bathochromic shifts [99].  

Fig. 4.1: Temperature dependent absorption coefficient of spiro-PBD in methyl-THF. 
Isosbestic points are indicated by stars. Precise values of the isosbestic points and 
corresponding temperatures can be found in Table 9.10.  

 
With decreasing temperature the vibronics become even better distinguishable, and the 

absorption coefficient increases to 11.3·104 L mol−1 cm−1 at 77 K. Six isosbestic points hint 

that more than one absorbing species is present in the sample. Since only purified solvents 

and compounds have been used, these species are attributed to conformers that interchange in 

a temperature dependent equilibrium.  
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Fig. 4.2: Temperature dependent absorption coefficient of spiro-6pp in methyl-THF.  

 
The room temperature absorption spectrum of spiro-6pp (Fig. 4.2 and Scheme 3.1) shows 

only little structure because of the rotability of its biphenyl residues. This is a typical feature 

of oligophenyls [100]. With decreasing temperature three vibronics become discernible and 

more intense, the absorption coefficient reaches 9.9·104 L mol−1 cm−1 at 77 K.  

4.1.2 Polarity Dependence 

Absorption spectra of spiro-PBD (Fig. 4.3, left) and spiro-6pp (Fig. 4.3, right) in various 

solvents prove that both compounds show only minor dependence on solvent polarity. As is 

expectable for π - π* absorption the spiro-PBD spectrum shows feeble positive solvato-

chromism. The same is true for spiro-6pp. In this molecule only π - π* transitions are 

possible, this shows in the positive solvatochromism of 2 nm going from cyclohexane to 

acetone as solvent.  
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Fig. 4.3: Absorption coefficients of spiro-PBD (left) and spiro-6pp (right) in solvents of 
different polarity. Spectral values of the peaks and absorption coefficients can be found in 
section 9.3.  

 

4.2 Steady State Luminescence 

4.2.1 Temperature Dependence 

The room temperature emission spectrum of spiro-PBD (Fig. 4.4) shows clearly discernible 

vibronics at 356 nm, 373 nm and 390 nm. Well structured emission spectra are typical of PBD 

derivatives. They emit π - π* fluorescence and have a quinoid configuration in the excited 

state as has been calculated by Luňák Jr. et al. [98]. 

With decreasing temperature the vibrational modes become narrower and the emission 

intensity increases as is usual for low temperature spectra. Phosphorescence is not observed 

whether for spiro-PBD nor for PBD as has been found for many classes of chain conjugated 

molecules [101]. The excited triplet state is probably depopulated by radiationless decay 

pathways because of the rotability of the aromatic rings [102].  

The room temperature emission spectrum of spiro-6pp (Fig. 4.5) shows four vibronics 

(387.0 nm, 406.5 nm, etc.) which narrow with decreasing temperature. In contrast to the 

absorption spectra (Fig. 4.3) the fluorescence spectrum has pronounced vibronic structure 

which points to non-planar ground state, but at least partial planarisation in the excited state 

[99].  
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Fig. 4.4: Steady state luminescence of spiro-PBD measured in 2-methyl-THF (λex = 324 nm). 
The isoemissive point at 355 nm (145 K-295 K) is indicated by a star.  

 
This is a typical feature of oligophenyls that has been investigated by Gustav et al. [100]. 

Lukeš et al. [60] calculated that the phenyl rings (not being part of a fluorene moiety) in the 

spiro-6pp ground state are tilted to each other by 41°, but planarise in the first excited state to 

16° and form a quinoid structure [63].  

Fig. 4.5: Steady state luminescence of spiro-6pp measured in 2-methyl-THF (λex = 342 nm).  
 
The bathochromic shift between the spectra at 94 K and 145 K is caused by the melting of the 

solvent at 137 K, not until then the Franck-Condon excited state can relax fully before 
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emission. Phosphorescence of spiro-6pp has not been measured, the excited triplet state decay 

radiationlessly due to the rotability of the phenyl moieties [101-102]. 

4.2.2 Polarity Dependence 

Room temperature fluorescence spectra of spiro-PBD (Fig. 4.6) exhibit only weak 

dependence on solvent polarity and positive solvatochromism as can be expected of π - π* 

emission. However, it is conspicious that the first signal at 350 nm exhibits a shift of 4 nm, 

going from cyclohexane to acetone as solvent, whereas the second signal at 370 nm shifts 

only by 2 nm. This may be due to measuring incorrectnesses or an indication that more than 

one transition is involved in the emission. As mentioned in section 4.1.1, the π - π* transition 

in spiro-PBD comprises some charge-transfer character [98].  

Fig. 4.6: Room temperature emission spectra of spiro-PBD in solvents with increasing 
polarity (from left to right). Peak values of all spectra can be found in the appendix (section 
9.5). 

 
Spiro-6pp certainly emits only π - π* fluorescence as no hetero atoms are present in this 

hydrocarbon. Consistent with this assignment it exhibits weak positive solvatochromism, a 

bathochromic shift of 3.5 nm going from cyclohexane to acetone as solvent (Fig. 4.7).  

To find out about the difference between the dipole moments of the ground and the excited 

state, the Lippert-Mataga equation (chapter 2.3) is employed. If the difference of the 

maximum wavenumbers of absorption and emission is plotted versus the polarity parameter 

function, the slope of the linear regression gives the difference between dipole moments of the 

ground and the excited state. 
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Fig. 4.7: Room temperature emission spectra of spiro-6pp in solvents with increasing polarity 
(from left to right). Peak values of all spectra can be found in the appendix (section 9.5). 

 
For spiro-PBD (Fig. 4.8, left) the linear regression gives an ascending line meaning that the 

dipole moment decreases by not even 3 D when the molecule is photoexcited. This is contrary 

to the result that spiro-PBD exhibits π - π* fluorescence. Since the slope and the change in 

dipole moment are so small, this effect is probably due to small fluctuations in the absorption 

and emission spectra.  

Fig. 4.8: Lippert-Mataga plots of spiro-6pp (left) and spiro-PBD (right). The small positive 
slope for spiro-PBD would normally mean an increase of the molecule´s dipole moment 
caused by optical excitation. But whether the absorption nor in the emission spectra show 
negative solvatochromism, so this result is probably due to small fluctuations of the peak 
wavelengths.  

 



SPIRO-PBD AND SPIRO-6PP
   

 49

For spiro-6pp the Lippert-Mataga plot shows a descending line. This means a increment of the 

dipole moment by about 2 D with photoexcitation which is in accordance with π-π* 

transitions.  

4.2.3 Fluorescence Quantum Yields 

Spiro-PBD fluoresces with high quantum yields (Table 4.1) because of its planarised excited 

state, especially in nonpolar solvents. The value of 84% for cyclohexane solution is consistent 

with the value listed for PBD in Berlman´s collection of fluorescence spectra [103].  

 

Table 4.1: Relative fluorescence quantum yields of spiro-PBD in solvents of different polarity 
(c < 10−5 M).  

 
 
 
 
 
 
 
 

 

solvent quantum yield [%] 
cyclohexane 84 
cis-decalin 57 

toluene 66 
2-methyl-THF 86 

2-butanone 48 
acetone 30 

The quantum yield of spiro-6pp has been measured before by Salbeck et al. [104]. They report 

a value of 95% in dilute dichloromethane solution. This value is comparable to quantum 

yields of non-spiro-linked oligophenyls [105].  

4.2.4 Fluorescence Lifetime Measurements 

For spiro-PBD no fluorescence lifetimes have been measured because the short excitation 

wavelengths needed for this experiment were not reached by the available equipment. Luňák 

Jr. et al. give a value of 1.1 ns at 293 K for PBD [98].  

The fluorescence lifetimes of spiro-6pp show monoexponential decays with sub-nanosecond 

lifetimes which is the typical regime for lifetimes of a local excited state. The small increase 

of the lifetimes from cyclohexane to acetone is due to the ascending polarity of the solvent.  
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Table 4.2: Fluorescence lifetimes of spiro-6pp at room temperature in various solvents 
(c < 10−5 M, λex = 375 nm). The value of χ2

glob holds for the global fittings. Concerning the 
amplitudes of globally fitted lifetimes see section 2.7.1. 

 

solvent τ1 [ns] χ2
red 

cyclohexane 0.68 1.089 
cis-decalin 0.70 1.116 

methyl-THF 0.77 1.160 
2-butanone 0.75 1.203 

acetone 0.78 1.118 
 

4.3 Discussion 

Spiro-PBD and spiro-6pp are spiro-linked compounds that predominantly exhibit π - π* 

absorption. The spiro-linkage stiffens the oligophenyl chain which leads to more structured 

spectra than for non-spiro-linked derivatives. The fluorescence shows even sharper vibrational 

modes due to a planarisation to a quinoid structure in the excited state for both compounds. In 

accordance with the π - π* transition absorption and fluorescence show weak positive 

solvatochromism. Spiro-PBD exhibits high relative quantum yields of 84% in cyclohexane, 

spiro-6pp is known for its excellent quantum yields of 95% [104]. The fluorescence lifetimes 

of both compounds are short, about 0.7 ns for spiro-6pp dependent on the solvent and 1.1 ns 

for PBD [98]. 
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5 Spiro-DPO and Spiro-MeO-DPO 
In this chapter the asymmetric spirobifluorene derivatives (Scheme 5.1) spiro-DPO (2’,7’-Bis-

(N,N-diphenylamino)-2-(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)-9,9’-spirobifluorene) 

and spiro-MeO-DPO (2’,7’-Bis-(N,N-di-(4-methoxy-phenyl)-amino)-2-(5-(4-tert-butyl-

phenyl)-1,3,4-oxadiazol-2-yl)-9,9’-spirobifluorene) are investigated: due to the donor 

(TAD / MeO-TAD) - acceptor (PBD) substitution pattern both exhibit mainly charge-transfer 

emission and only weak fluorescence from the local excited state. The strong, longlived 

phosphorescence emission originates from the TAD / MeO-TAD moiety of the molecules. 

The influence of the conformation of the molecules on their photophysical behaviour will be 

discussed by means of temperature dependent absorption and luminescence spectra. 

Absorption spectra will help to decide whether the charge-transfer state is reached directly 

from the ground state by photoexcitation or not. The dependence of the absorption maxima on 

the polarity of the solvent reveals the nature of the transitions that lead to the population of the 

excited states. 

The polarity dependence of the emission maxima provides information about the excited state 

dipole moments. Photoinduced absorption measurements yield the rate constants of electron 

transfer and will help understanding the competition between different ways to depopulate the 

local excited singlet state.  

N N

O

N N

N N

O

N N

OMe

MeO OMe

OMe

Spiro-DPO Spiro-MeO-DPO

Scheme 5.1: The asymmetrically substituted spirobifluorene derivatives spiro-DPO and spiro-
MeO-DPO.  
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5.1 Absorption 

5.1.1 Temperature Dependence 

The absorption spectrum of spiro-DPO (Fig. 5.1) features a superposition of the absorption 

signals of the TAD (around 380 nm) and the PBD (peaks 300-355 nm) moiety, indicating 

nearly independent moieties in the ground state. 

During cooling the spiro-DPO absorption changes considerably: the absorption coefficient 

increases which can be explained by the planarisation of the conjugated π-systems in both 

moieties of the molecule, separated by the sp3-hybridised spiro carbon atom. The most 

noticable effect is evident in the TAD-related part of the spectrum which resembles the 

temperature dependent absorption of spiro-TAD (see chapter 3.1.1). The peak at 389 nm 

marks the 0-0-transition of the mixed π - π* and l - aπ absorption (see section 3.1.1). But 

compared to spiro-TAD the spectrum of spiro-DPO is less structured indicating planarisation 

of the TAD moiety in spiro-DPO to a smaller degree.  

The existence of many isosbestic points in the liquid as well as in the solid state indicates the 

existence of several absorbing species. Probably these species differ in their ground state 

conformation and show temperature dependent equilibria.  

Fig. 5.1: Temperature dependent absorption coefficient of spiro-DPO in methyl-THF 
(Tm = 137 K). Isosbestic points are indicated by stars. Precise values of the isosbestic points 
and corresponding temperatures can be found in Table 9.13. 
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Analogous to spiro-DPO the temperature dependent spectra of spiro-MeO-DPO (Fig. 5.2) 

show absorption signals that are composed of the absorption signals of the MeO-TAD (peaks 

360-430 nm) and the PBD (peaks 300-355 nm) moiety.  

Fig. 5.2: Temperature dependent absorption coefficient of spiro-MeO-DPO in 2-methyl-THF. 
The absorption coefficient of the PBD-related peak at 350 nm shows only minor change 
compared to Fig. 5.1, whereas the 0-0-transition changes from 9.6·104 L mol-1 cm−1 for spiro-
DPO to 6.5·104 L mol−1 cm−1 for spiro-MeO-DPO.  
 
The absorption signal of the MeO-TAD moiety is less structured than that of the TAD moiety 

in spiro-DPO. This is probably due the additional rotability of the methoxy groups.  

Furthermore, the low temperature 0-0-transition at 403 nm (6.5·104 L mol-1 cm−1) has a lower 

absorption coefficient than the PBD-related peak at 350 nm (7.1·104 L mol−1 cm−1). This is 

different from the behaviour of both spiro-DPO (9.6·104 L mol-1 cm−1 at 389 nm to 

8.5·104 L mol-1 cm−1 at 349 nm) and spiro-TAD (19.7·104 L mol-1 cm−1 at 389 nm) for which 

the intensity of the 0-0-transition of the TAD moiety always exceeds that of other parts of the 

molecule. This decrease of the absorption coefficient of the 0-0 transition is presumably also 

due to the loss of planarity in the excited state conformations of the TAD moiety from spiro-

TAD over spiro-DPO to spiro-MeO-DPO.  

Spiro-MeO-DPO also shows several isosbestic points indicating the presence of several 

ground state conformations, as already mentioned for spiro-DPO. 
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5.1.2 Polarity Dependence 

The symmetrically substituted spirobifluorene spiro-TAD exhibits mixed π - π* and l - aπ 

absorption at around 380 nm (chapter 3). Spiro-PBD shows an almost pure π - π* transition 

that is quite independent of polarity [9]. 

In the spiro-DPO absorption spectrum (Fig. 5.3, right) the PBD-related peaks (300-355 nm, 

e.g. “peak 2”) only show minor changes with increasing polarity as shown in Fig. 5.4. The 

TAD-related long wavelength absorption signal (peak 1 in Fig. 5.4) lies at 382 nm in 

cyclohexane (+2.5 nm with respect to spiro-TAD). In contrast to the PBD-related absorption 

signals it shifts hypsochromically by 6 nm (going from cyclohexane to acetone) exhibiting 

negative solvatochromism (peak 1 in Fig. 5.4).  

 
Fig. 5.3: Absorption coefficients of spiro-DPO (right) and spiro-MeO-DPO (left) in solvents 
of different polarity. Spectral values of the peaks and corresponding absorption coefficients 
can be found in section 9.3. Peak 1 refers to the signal caused by the TAD or the MeO-TAD 
moiety, peak 2 corresponds to the long wavelength absorption signal of the PBD moiety.  

 
The absorption spectrum of spiro-MeO-DPO (Fig. 5.3, left) is very similar to that of spiro-

DPO, but the TAD-related absorption signal is further bathochromically shifted (10 nm with 

respect to spiro-TAD) because of the electron-pushing effect of the methoxy groups. Spiro-

MeO-DPO also shows negative solvatochromism of the long wavelength absorption with a 

hypsochromic shift of 13.5 nm (going from cyclohexane to acetone).  

Negative solvatochromism is expected if the ground state of a molecule is better stabilised by 

polar solvents than the excited state. Accordingly, the dipole moment of the unsymmetric 

spiro-compounds spiro-DPO and spiro-MeO-DPO in the ground state is higher than in the 

local excited state. Additionally the solvatochromic behaviour of spiro-DPO and spiro-MeO-
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DPO indicates an increase of the ground state dipole moment by the addition of methoxy 

substituents.  

Spiro-DPO and spiro-MeO-DPO are unsymmetric molecules and therefore have ground state 

dipole moments. The absorption which shows the negative solvatochromism is assigned to a 

transition in the TAD moiety as explained in section 3.1.2.  

Fig. 5.4: Peak values of the absorption spectra of spiro-DPO and spiro-MeO-DPO. Peak 1 
(right) shows a hypsochromic shift, peak 2 (left) no clear tendency upon increasing solvent 
polarity.  

 
The absorption leads to an local excited state with a smaller dipole moment than in the ground 

state. This local excited state then further transfers to a charge-transfer state as shown in the 

following. An absorption directly into the charge-transfer state has not been observed.  

5.1.3 Photoinduced Absorption Spectroscopy 

Room temperature photoinduced absorption measurements of spiro-DPO and spiro-MeO-

DPO have been carried out at an absorption wavelength of 1100 nm. At this wavelength only 

the absorption of the cation of the TAD moiety is observed as electrochemical measurements 

prove (see Fig. 9.33).  

Time-resolved absorption measurements show an increase of the absorption at 1100 nm 

within a few hundred femtoseconds. This increase corresponds to the evolving of the charge-

transfer state of the molecule that naturally comprises a partly cationic donor (TAD or MeO-

TAD) and a partly anionic acceptor (PBD) moiety. This means that the rise time corresponds 

to the lifetime of electron transfer τet.  
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As mentioned above, a direct population of the charge-transfer state from the ground states 

has not been observed. Thus the CT state has to be populated from the local excited state 

which leads to a competition between different depopulation channels. These channels are the 

transition to the CT state, a transition to the ground state via local excited state fluorescence, 

and intersystem crossing to the local excited triplet state.  

With 330 fs to 470 fs (Table 5.1) the lifetimes for electron transfer and thus the corresponding 

rate constants are very fast for both molecules and exceed the rate constants for the remaining 

transitions by far. The consequences will be referred to later on.  

 

Table 5.1: Rise times for intramolecular electron transfer in spiro-DPO and spiro-MeO-DPO, 
determined by photoinduced absorption spectroscopy at room temperature (at 1100 nm, with 
100 fs steps). A similar value for spiro-DPO has been found elsewhere [14].  
 

spiro-DPO spiro-MeO-DPO 
solvent 

τet [fs] ket [s-1] τet [fs] ket [s-1] 

cyclohexane 384 ± 40 2.6·1012 465 ± 81 2.2·1012 

dichloromethane 334 ± 58 3.0·1012 331 ± 54 3.0·1012 
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5.2 Steady State Luminescence 

The room temperature emission spectrum of spiro-DPO in cyclohexane shows weak emission 

from the local excited state (around 400 nm) and a broad CT fluorescence signal at 440 nm.  

Spiro-MeO-DPO exhibits room temperature emission in cyclohexane as one broad CT 

fluorescence signal with maximum intensity at 481 nm. Fluorescence from the local excited 

state has not been detected in steady state measurements. In the charge-transfer process an 

electron is transferred from the electron rich TAD/MeO-TAD moiety to the electron 

withdrawing PBD moiety in spiro-DPO and spiro-MeO-DPO, respectively. 

To find out if photoexcitation of the PBD or the TAD/MeO-TAD moiety makes a difference, 

fluorescence spectra dependence on the excitation wavelength have been measured (Fig. 5.5 

and Fig. 5.6). The spectra show only minor changes with excitation wavelength indicating 

that the charge-transfer state is reached regardless of which moiety has been photoexcited. As 

mentioned above, a direct transition from the ground to an excited charge-transfer state has 

not been observed.  

Fig. 5.5: Normalised room temperature emission spectra of spiro-DPO in cyclohexane in 
dependence on the excitation wavelength. Small deviations (indicated by black arrows) 
dependent on the excitation wavelength are detected at circa 475 nm. There are also very 
small deviations for excitation wavelengths from 328 nm-380 nm (at 397 nm and around 
520 nm). Red arrows mark signals caused by Raman scattering or second order diffraction.  
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Fig. 5.6: Normalised room temperature emission spectra of spiro-MeO-DPO in cyclohexane 
in dependence on the excitation wavelength. There are small deviations for excitation 
wavelengths of 410 nm (at 436 nm) and from 329 nm-390 nm (around 510 nm). Red arrows 
mark signals caused by Raman scattering or second order diffraction.  

 

5.2.1 Temperature Dependence 

5.2.1.1 Spiro-DPO 

In 2-methyl-THF spiro-DPO exhibits room temperature fluorescence consisting only of one 

broad charge-transfer signal with maximum intensity at 510 nm (see section 5.2.2).  

With decreasing temperature the luminescence spectrum changes drastically: at 77 K spiro-

DPO exhibits local excited fluorescence at 400 nm and emission from an unrelaxed charge-

transfer state at about 446 nm. With highest intensity, phosphorescence is detected at 513 nm 

and longer wavelengths (Fig. 5.7). The phosphorescence originates from the TAD moiety of 

spiro-DPO. The electron lone-pair at the nitrogen atom is involved in an intramolecular 

charge-transfer to the adjoining π-systems (so called l-aπ transition [42]). Thereby the electron 

moves between non-parallel orbitals creating a spin-orbit-coupling that intensifies the 

phosphorescence. The phosphorescence is presumably of mixed π-π* and l-aπ character with 

temperature dependent proportions (see chapter 3).  
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Fig. 5.7: Steady state luminescence of spiro-DPO measured in 2-methyl-THF (77 K-165 K, 
λex = 343 nm). The conformation relaxes, and the phosphorescence shifts bathochromically 
as soon as the glass transition at about 91 K is reached.  

 
As soon as the glass transition (at ~91 K [93]) is reached the molecular conformation relaxes 

resulting in a first shift of the phosphorescence to 518 nm (at 95 K), a bathochromic shift of 

the CT emission and a general decrease in quantum yield as collisional processes are 

favoured. Above the melting point (137 K) of the solvent the phosphorescence slowly 

diminishes. In the liquid solvent the quantum yield of the charge-transfer emission also 

decreases considerably. With increasing temperature the bathochromic shift of the CT band 

results in an overlap with the phosphorescence emission.  

With further increase of temperature (Fig. 5.8) the phosphorescence fades away and leaves the 

CT emission that shifts hypsochromically to 510 nm at room temperature. An isoemissive 

point at 531 nm indicates the presence of several emissive states. These are presumably two 

equilibrating CT states that differ in the conformation of the spiro-linked donor and acceptor 

moieties, as described by Maus and Rettig for sterically hindered biphenyls [106-107]. The 

hypsochromic shift with increasing temperature is probably due to a shift of this equilibrium 

towards the conformer with less planar conformation, reducing the conjugation.  
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Fig. 5.8: Steady state luminescence of spiro-DPO measured in 2-methyl-THF (182 K-290 K, 
λex = 360 nm). The isoemissive point at 531 nm (220 K-290 K) indicates the presence of more 
than one excited state.  

 
In unpolar methyl-cyclohexane spiro-DPO exhibits room temperature fluorescence from the 

local excited state at about 400 nm and charge-transfer emission with maximum intensity at 

442 nm (see section 5.2.2). At low temperature (77 K) it shows similar behaviour to methyl-

THF solution, but some differences are obvious (Fig. 5.9): going from methyl-THF to methyl-

cyclohexane as solvent, the phosphorescence of spiro-DPO shifts bathochromically from 

514 nm to 518 nm. This phenomenon of negative solvatochromism will be discussed later on.  

The CT emission in the solid sample beneath the melting point (at 146 K) is slightly 

hypsochromically shifted in comparance to solution in methyl-THF, because methyl-THF is 

more polar than methyl-cyclohexane (dielectric constant of 7.52 versus 2.02). Additionally, 

the CT band does not shift bathochromically as much as in methyl-THF solution so that it is 

still overlapping with the phosphorescence emission. A slight shifting can only be detected at 

140 K, near the melting point.  

The weak shifting probably has two reasons: First, the low polarity solvent methyl-

cyclohexane can contribute only little to the stabilisation of a polar molecule. Second, the 

relaxation happens only close to the melting point because methyl-cyclohexane does not form 

as good glasses as methyl-THF. Crystalline areas in the sample are visible to the naked eye. 

So a phase that can be described as a supercooled liquid allowing for conformational 
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relaxation of the analysed molecules does only exist to a small extent. Crystalline areas can 

only be avoided if the sample is shock-frosted which results in cracks in the cuvette wall, so 

this is not an acceptable procedure.  

Fig. 5.9: Steady state luminescence of spiro-DPO measured in methyl-cyclohexane (77 K-
150 K, λex = 344 nm).  
 
 

Fig. 5.10: Steady state luminescence of spiro-DPO measured in methyl-cyclohexane (150 K-
290 K, λex = 344 nm).  
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The phosphorescence at 518 nm responds to increasing temperature in a similar manner to the 

CT emission. Different from the methyl-THF sample the emission does not shift until 140 K 

are reached, and only by 1 nm (150 K). In general the bathochromic shift of the CT 

fluorescence is larger than that of the phosphorescence, this is due to the fact that the dipole 

moment of the CT state is larger than that of the excited triplet state.  

In the liquid sample the phosphorescence diminishes further, and the charge transfer emission 

shifts hypsochromically with increasing temperature (Fig. 5.10). An isoemissive point at 

490 nm evidences that there are several emitting species, probably two conformationally 

differing CT states that are in equilibrium. The hypsochromic shift with increasing 

temperature is probably created by a shift of the equilibrium to the less planar CT 

conformation with a smaller conjugated system.  

5.2.1.2 Spiro-MeO-DPO 

Spiro-MeO-DPO shows room temperature emission in methyl-THF as one broad CT 

fluorescence signal with maximum intensity at 539 nm (see section).  

At lower temperatures in the solid and supercooled sample the CT emission overlaps 

completely with the intense phosphorescence at 522 nm (Fig. 5.11). Similar to spiro-DPO the 

phosphorescence originates from the MeO-TAD moiety of the molecule. It shifts 

bathochromically with increasing temperature, beginning at 95 K when the glass transition (at 

91 K) has been reached. The maximal shift results at 534 nm (115 K) by conformational 

relaxation of the molecule. Above the melting point of methyl-THF (at 137 K) the triplet 

emission fades quickly revealing the CT fluorescence that can therefore only be detected at 

higher temperatures in the liquid sample.  

The phosphorescence lifetime of spiro-MeO-DPO decreases faster with increasing 

temperature than in the case of spiro-DPO (see chapter 5.2.2). Thus in the liquid sample (Fig. 

5.12) steady state spectra show almost pure fluorescence that shifts hypsochromically with 

increasing temperature, showing an isoemissive point at 532 nm that implies a similar 

interplay of the CT conformations as for spiro-DPO.  

A difference in luminescence intensity between spiro-DPO and spiro-MeO-DPO is in the 

temperature dependence in 2-methyl-THF: above the melting point spiro-DPO shows a first 

decrease and following increase of luminescence intensity with increasing temperature 

whereas spiro-MeO-DPO exhibits first an increase and then a decrease of intensity (Fig. 5.8 

and Fig. 5.12).  
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Fig. 5.11: Steady state luminescence of spiro-MeO-DPO measured in 2-methyl-THF (77 K-
145 K, λex = 365 nm). As for spiro-DPO the phosphorescence shifts bathochromically due to 
conformational relaxation above the glass transition.  

 
 

 
Fig. 5.12: Steady state luminescence of spiro-MeO-DPO measured in methyl-THF (145 K-
295 K, λex = 365 nm).  
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The intensity decrease in the emission of spiro-DPO is due to the decrease of the overlapping 

phosphorescence. The following increase can be caused by the different properties of the 

equilibrating CT state conformers of spiro-DPO. With increasing temperature the less planar 

conformer should be favoured. This conformer should have a higher quantum yield than the 

more planar conformer. For the less planar conformer resembles the non-planar ground state 

conformation. In contrast, for spiro-MeO-DPO there is no phosphorescence overlap for the 

temperatures in question, and the increasing intensity can be accounted for by the mechanism 

mentioned above.  

The room temperature emission of spiro-MeO-DPO in methyl-cyclohexane is of charge-

transfer character, but is shifted hypsochromically by about 100 nm with respect to the 

methyl-THF sample to 484 nm (see section 5.2.2).  

Therewith at low temperature (Fig. 5.13) the CT emission does not overlap with the 

phosphorescence as strongly as in the methyl-THF sample, and the emission from both states 

can be distinguished clearly. The bathochromic phosphorescence shift of 7 nm from 522 nm 

in methyl-THF to 529 nm in methyl-cyclohexane adds to this effect. Like for spiro-DPO in 

methyl-cyclohexane the phosphorescence shows no bathochromic shift caused by relaxation 

above the glass transition, but just a 1 nm shift above the melting point at 146 K.  

In the liquid sample (Fig. 5.14) the phosphorescence (at 530 nm) fades away, but is still 

distinguishable at 170 K in contrast to the methyl-THF sample. There, triplet and CT state are 

of similar energy. So they should be able to easily interchange via radical pair intersystem 

crossing [108]. Thus the CT state may quench the triplet state.  

The CT emission shifts hypsochromically with increasing temperature as has been observed 

with all other samples. Presumably the reason for this shift is the same as for spiro-DPO and 

spiro-MeO-DPO in methyl-THF, namely the existence of two equilibrating and 

conformationally differing CT states. Unfortunately an isoemissive point could not be 

measured for spiro-MeO-DPO in methyl-cyclohexane.  

Going from methyl-THF to methyl-cyclohexane as solvent, the phosphorescence of spiro-

DPO shifts from 514 nm to 518 nm and that of spiro-MeO-DPO from 522 nm to 529 nm, 

exhibiting negative solvatochromism. This implies that the dipole moment of the local excited 

triplet state is smaller than that of the singlet ground state. Negative solvatochromism that 

increases from spiro-DPO to spiro-MeO-DPO was also found for the absorption spectra, as 

mentioned above.  
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Fig. 5.13: Steady state luminescence of spiro-MeO-DPO measured in methyl-cyclohexane 
(77 K-150 K, λex = 345 nm).  
 
 

Fig. 5.14: Steady state luminescence of spiro-MeO-DPO measured in methyl-cyclohexane  
(150 K-295 K, λex = 345 nm).  
 
At 77 K the vibronic structure of the phosphorescence signal resembles the mirror image of 

the absorption. Additionally, the vibronic structure of both phosphorescence and absorption 

are sensitive to temperature in the same way.  
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So the local excited triplet state does not only show a smaller dipole moment than the ground 

state, similar to the local excited singlet state. It is also comparable to the corresponding 

Franck-Condon excited singlet state concerning localisation and conformation.  

5.2.2 Polarity Dependence 

In steady state fluorescence measurements local emission of spiro-DPO (Fig. 5.15) can only 

be detected at about 400 nm in low polarity solvents such as cyclohexane and decalin. The 

most intensive fluorescence signal (the charge-transfer emission) is sensitive to polarity and 

shifts bathochromically ca. 104 nm when the solvent is changed from cyclohexane to acetone. 

The wavenumber dependent fluorescence spectra can be fitted by three Gaussian peaks at 

each polarity: local excited state fluorescence is fitted by Gaussian 1, the conformationally 

differing CT states CT I and CT II by Gaussian 2 and 3 (see section 9.6.1 for fitting data). The 

polarity dependence of the Gaussians peaks and the dipole moments of the emitting states can 

be investigated by use of a Weller plot (Fig. 5.16, left). An analysis of the data by use of the 

Lippert-Mataga relation cannot be carried out because direct absorption into the CT states 

cannot be detected [38].  

Fig. 5.15: Room temperature emission spectra of spiro-DPO in solvents with increasing 
polarity (from left to right). Peak values of all spectra can be found in the appendix (section 
9.5). 
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Fig. 5.17: Room temperature emission spectra of spiro-MeO-DPO in solvents with increasing 
polarity (from left to right).  

 
The Weller plot clearly shows that the local excited state fluorescence (fitted by Gaussian 1) 

at around 400 nm is only weakly polarity dependent as is typical of local emission. Because of 

the small number of data points these data have not been fitted. In the Weller plot the linear 

fits belonging to the CT states (represented by Gaussian 2 and 3) show strong polarity 

dependency and have nearly same slope, so these states have same dipole moments (21 D and 

21 D, respectively). These values are well in a range common for charge-transfer compounds 

[109].  

Fig. 5.16: Weller plots of spiro-DPO (left) and spiro-MeO-DPO (right), data points in 
brackets correspond to peak values in toluene solution. They are not included in the linear fits 
because toluene shows specific interactions with spiro-DPO and spiro-MeO-DPO. 
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Spiro-MeO-DPO shows no local emission in steady state fluorescence measurements (Fig. 

5.17), but only strongly polarity dependent emission (bathochromic shift by 99 nm from 

cyclohexane to acetone). Weller plot analysis (Fig. 5.16, right) of the Gauss-fitted 

fluorescence (only two Gaussian peaks for the polarity-dependent states) shows again that the 

Gaussian peaks represent the emission from CT states with different conformations that have 

similar dipole moments, namely 19 D and 21 D.  

5.2.3 Fluorescence Quantum Yields 

The fluorescence quantum yields of spiro-DPO and spiro-MeO-DPO (Table 5.2) are 

consistent with other spectroscopical and electrochemical data: The quantum yields do not 

exceed 5% and decrease with increasing polarity of the solvent.  

The polarity dependence of the quantum yield is due to the increasing bathochromic shift with 

increasing polarity. The shift is caused by a relaxation of the excited state conformation of the 

molecule. This relaxation creates a change in nuclear configuration that lessens the overlap 

between the orbitals of the ground and the CT state and thus the quantum yields.  

The general smallness of the quantum yields can be explained by a quenching of the singlet 

CT state by the local excited triplet of the TAD moiety via the triplet CT (by radical pair 

intersystem crossing [110-111].  

The quantum yields of spiro-MeO-DPO are generally lower than those of spiro-DPO because 

all effects mentioned above are stronger in spiro-MeO-DPO. The emission shifts further 

bathochromically (due to the electron-pushing effect of the methoxy-groups), and the overlap 

of CT and triplet emission is much better. Cyclic voltammetry measurements show that the 

methoxy-group increases the HOMO-HOMO difference between donor and acceptor unit in 

spiro-MeO-DPO to 0.4 eV, for spiro-DPO it has a value of 0.2 eV (for electrochemical data 

see section 9.7).  

 

Table 5.2: Relative fluorescence quantum yields at room temperature in various solvents 
(c < 10−5 M) 

solvent Spiro-DPO [%] Spiro-MeO-DPO [%]
cyclohexane 5 2 
cis-decalin 3 3 

toluene 2 2 
2-methyl-THF 2 2 

2-butanone 1 1 
acetone 2 1  
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5.3 Time-resolved Luminescence Spectroscopy 

5.3.1 Gated Fluorescence Spectroscopy 

Gated fluorescence spectra of spiro-DPO (Fig. 5.18) were measured at various temperatures 

in methyl-THF. The spectra at 115 K exhibit local emission at 397 nm and 420 nm at short 

delays. Because of the gating the relative intensity is higher than in the steady state spectra 

(Fig. 5.7). The first vibronic at 397 nm is subject to self-absorption effects and therefore 

reduced in intensity. With higher delays the local emission decreases compared to the charge-

transfer emission at 480 nm. Phosphorescence is not observed because it is cut away by the 

gating.  

Fig. 5.18: Gated fluorescence spectra of spiro-DPO in 2-methyl-THF at 115 K, measured at 
various delay times. The emission of the local excited state at 397 nm and 420 nm evolves 
first, followed by CT emission at 480 nm.  

 
Temperature dependent fluorescence spectra at a constant delay of 6 ns (Fig. 5.19) show that 

in steady state measurements the charge-transfer emission does not vanish in the temperature 

interval from 125 K to 220 K (Fig. 5.7 and Fig. 5.8), but is hidden by the overlap with 

phosphorescence. The shifting of the emission maximum in the gated spectra exhibits a 

similar tendency as in the steady state measurements.  

For spiro-MeO-DPO the gated fluorescence spectra (Fig. 5.20) are more blurred due to its 

lower quantum yield. Nevertheless, at 115 K  emission from the local excited state is 

observable at 419 nm (though a little affected by self-absorption) for short delay times that 

cannot be detected in steady state measurements. 
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Fig. 5.19: Gated fluorescence spectra (delay 6 ns) of spiro-DPO in 2-methyl-THF at various 
temperatures. Note that the first bathochromic and than hypsochromic shift of the maximum 
(with increasing temperature) is consistent with the temperature dependent steady state lumi-
nescence spectra. The spectrum at 77 K is subject to self-absorption effects, high concentra-
tions were needed to reach measurable phosphorescence intensities.  

 
 

Fig. 5.20: Gated fluorescence spectra of spiro-MeO-DPO in 2-methyl-THF at 115 K, 
measured at various delay times.  

 



SPIRO-DPO AND SPIRO-MEO-DPO
   

 71

 

Fig. 5.21: Gated fluorescence spectra (delay 6 ns) of spiro-MeO-DPO in 2-methyl-THF at 
various temperatures.  

 

In Fig. 5.21 gated fluorescence spectra at various temperatures are shown. The peak value of 

fluorescence describes a movement similar to that in the steady state temperature dependent 

measurements. In contrast to the steady state luminescence spectra, local emission and 

charge-transfer fluorescence can be observed beneath the melting point. This evidences that 

charge-transfer emission and phosphorescence are emitted simultaneously at low temperature, 

the CT emission is only overlapped by the phosphorescence (Fig. 5.11). 

5.3.2 Gated Phosphorescence Spectroscopy 

In coincidence with the steady state measurements gated phosphorescence spectra of spiro-

DPO (Fig. 5.22) show the relaxation of the molecule at the glass transition by a small 

bathochromic shift of 5 nm from the spectrum at 77 K to that at 94 K. This relaxation effect 

has already been described for Spiro-TAD (see section 3.1). In the softening 2-methyl-THF 

glass more twisted conformations of the molecule become possible.  

The intensity of the phosphorescence lowers considerably with increasing temperature and 

subsequent melting of the sample at 137 K, as the steady state luminescence spectra show 

(Fig. 5.7). At 200 K and especially at 293 K the emission exhibits a broad hypsochromic 

shoulder around 475 nm. The shoulder corresponds to the delayed fluorescence that is caused 

by triplet-triplet annihilation and overlaps with the phosphorescence. It increases in intensity 
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with increasing temperature because this causes a decrease of the solvent viscosity. Reduced 

viscosity makes it easier for the molecules to meet within the excited state lifetime. But even 

at 200 K and 293 K the vibronic structure of the triplet emission dominates the gated spectra.  

Fig. 5.22: Temperature dependent gated phosphorescence spectra (delay 1 ms, integration 
time 10 ms) of spiro-DPO, measured in methyl-THF (normalised).  

 

Due to the electron-pushing effect of the methoxy-groups the phosphorescence of spiro-MeO-

DPO exhibits a bathochromic shift of 9 nm with respect to that of spiro-DPO. With rising 

temperature the phosphorescence of spiro-MeO-DPO is quenched much faster than that of 

spiro-DPO (see Fig. 5.11 and phosphorescence lifetimes in section 5.3.3). Additionally the 

structure of the spectrum changes at 115 K: the first vibronic shifts bathochromically by 

10 nm (to 531 nm) and diminishes. Simultaneously a broad signal at 587 nm appears that is 

interpreted as charge-transfer emission. Obviously the +M-effect of the methoxy-groups leads 

not only to a bathochromic shift of phosphorescence, but also to a shift of the CT emission 

(compare Fig. 5.17 to Fig. 5.15). The simultaneous drop of phosphorescence intensity and 

emerging of a lower lying CT signal points to a quenching of the local excited triplet state by 

the lower lying charge-transfer state. The low energy level of the CT state may be caused by 

changes in the conformation of the molecule that are only possible in the supercooled liquid 

above the glass transition at about 91 K. In the methyl-THF glass the molecules cannot move, 

so the CT state conformation is prevented from relaxing and becoming energetically more 

favourable.  
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Fig. 5.23: Temperature dependent gated phosphorescence spectra (delay 1 ms, integration 
time 10 ms) of spiro-MeO-DPO, measured in methyl-THF (normalised). At 145 K and 200 K 
is virtually no emission observed, therefore these data have not been normalised.  

 

At 145 K and 200 K the emission is almost undetectable, but intensifies again at room 

temperature to a peak value of 552 nm, that is almost identical with the peak value of 

fluorescence at 293 K (549 nm, see Fig. 5.12). The luminescence signal at 293 K does not 

show vibronic structure that can indicate an underlying phosphorescence signal. So this 

emission is mostly due to delayed fluorescence. It may either be created by triplet-triplet-

annihilation or by population of the singlet CT state from the local triplet state via the triplet 

CT which will be explained later on in section 5.5.  

5.3.3 Phosphorescence Lifetime Measurements 

The phosphorescence lifetimes (Table 5.3), see also sections 9.8.2 and 9.8.3 for fitting data) 

of spiro-DPO and spiro-MeO-DPO show same tendency at low temperatures: they are longer 

than one second and decrease with increasing temperature. In this temperature regime they 

exceed the measurement time frame, so they are only estimates. As soon as the temperature 

rises to 115 K the lifetime of spiro-MeO-DPO decreases rapidly to only 4.4 ms whereas the 

phosphorescence lifetime of spiro-DPO is still longer than one second. With further 

increasing temperature the lifetime of spiro-DPO decreases slowly to 3.1 ms at room 

temperature, apart from a substantial drop to 181 ms at 145 K because of the melting of the 

solvent. The lifetime of spiro-MeO-DPO remains in the regime of a few milliseconds. The 

sudden drop of the phosphorescence lifetime of spiro-MeO-DPO is probably created by 

quenching of the triplet state by the charge-transfer state that lies lower in energy at 115 K 
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(Fig. 5.23). Lifetimes of the delayed fluorescence emission are only available for spiro-DPO 

at 200 K and 293 K.  

 

Table 5.3: Lifetimes of the phosphorescence and the delayed fluorescence of spiro-DPO and 
spiro-MeO-DPO (c < 10−5 M, λex = 355 nm) in methyl-THF. For fitting of the phosphores-
ence decay see sections 9.8.2 and 9.8.3.  

 

spiro-DPO spiro-MeO-DPO 
T [K] 

τphos [ms] τdelFluo [ms] τphos [ms] τdelFluo [ms] 
77 1439 - 1782 - 
94 1225 - 1173 - 
115 1100 - 4.4 n.a. 
145 128 n.a. 2.3 n.a. 
200 9.8 0.6 1.7 n.a. 
293 2.3 0.4 1.1 n.a. 

5.3.4 Fluorescence Lifetime Measurements 

The fluorescence decays of spiro-DPO clearly show multiexponential behaviour (Table 5.4). 

The longest lifetime τ4 is increasing with increasing polarity of the solvent (for dielectric 

constants see section 9.2). Therefore the lifetime τ4 is assigned to the polarity dependent 

charge-transfer emission.  

 

Table 5.4: Fluorescence lifetimes of spiro-DPO at room temperature in various solvents 
(c < 10−5 M, λex = 375 nm ). The value of χ2

glob holds for the global fittings. Concerning the 
amplitudes of globally fitted lifetimes see section 2.7.1.  

 
solvent τ1 [ns] τ2 [ns] τ3 [ns] τ4 [ns] χ2

glob 
cyclohexane 0.60 4.52 - 14.31 1.057 
cis-decalin 0.57 2.41 5.68 14.93 1.019 
methyl-THF 0.95 5.53 - 21.79 1.042 
2-butanone 0.60 4.00 9.68 36.05 1.043 
acetone - 3.23 10.17 38.95 1.061 

 

In general the decays are triexponential and show slightly increasing lifetimes τ1 and τ2 except 

for decalin solution. When the relative dielectric constant ε becomes as great as 18.5 (in 2-

butanone) a fourth lifetime evolves. In turn τ1 vanishes at slightly higher polarity (ε = 20.7) in 

acetone. The disappearing of τ1 could also be due to the resolution of the measuring setup if τ1 

has become too short for proper detection.  

Spiro-MeO-DPO (Table 5.5) exhibits even longer lifetimes τ4 than spiro-DPO with up to 

53.29 ns for the solution in acetone. Again, τ4 is assigned to the charge-transfer emission. The 
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usually triexponential decays exhibit similar tendencies as those of spiro-DPO. A fourth 

exponential shows only for solutions in 2-butanone and cis-decalin.  

 

Table 5.5: Fluorescence lifetimes of spiro-MeO-DPO at room temperature in various 
solvents (c < 10−5 M, λex = 375 nm ). The value of χ2

glob holds for the global fittings. 
Concerning the amplitudes of globally fitted lifetimes see section 2.7.1.  

 
solvent τ1 [ns] τ2 [ns] τ3 [ns] τ4 [ns] χ2

glob 
cyclohexane 0.4 3.72 - 19.01 1.025 
cis-decalin 0.57 2.59 7.35 23.00 1.046 
methyl-THF 0.62 5.65 - 45.70 1.064 
2-butanone 0.51 4.04 9.96 51.26 1.041 
acetone - 3.00 35.13 53.29 1.048 

 

The increase in the number of lifetimes needed to fit the fluorescence decays of spiro-DPO 

and spiro-MeO-DPO within media of higher viscosity or polarity might be due to a greater 

conformational diversity within the ensemble of measured molecules.  

5.4 Crystal Structure of spiro-DPO 

The crystal structure of spiro-DPO (Fig. 5.24 and section 9.9.2) is built in the monoclinic 

crystal system, and its elementary cell contains 16 molecules.  

As already shown for spiro-TAD (see section 3.4) the angles between the bonds of the 

nitrogen atoms N3 and N4 to the adjacent carbon atoms amount about 120° which means that 

these nitrogen atoms are sp2 hybridised. Three hybrid orbitals form the nitrogen-carbon 

bonds, the remaining p orbital is arranged perpendicular to the latter. As for spiro-TAD (see 

section 3.4) the angle of twist between the nitrogen p orbitals and the p orbitals of the 

adjoining π-systems (fluorene and phenyl rings) can be calculated via the surface normals of 

the planes in which these atoms are lying. As pointed out in section 2.4, this angle of twist is 

crucial for the creation of spin orbit coupling.  

As already shown for spiro-TAD (see section 3.4) the angles between the bonds of the 

nitrogen atoms N3 and N4 to the adjacent carbon atoms amount about 120° which means that 

these nitrogen atoms are sp2 hybridised. Three hybrid orbitals form the nitrogen-carbon 

bonds, the remaining p orbital is arranged perpendicular to the latter. As for spiro-TAD (see 

section 3.4) the angle of twist between the nitrogen p orbitals and the p orbitals of the 

adjoining π-systems (fluorene and phenyl rings) can be calculated via the surface normals of 

the planes in which these atoms are lying. As pointed out in section 2.4, this angle of twist is 

crucial for the creation of spin orbit coupling.  
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Fig. 5.24: Crystal structure of spiro-DPO.  

 

As already shown for spiro-TAD (see section 3.4) the angles between the bonds of the 

nitrogen atoms N3 and N4 to the adjacent carbon atoms amount about 120° which means that 

these nitrogen atoms are sp2 hybridised. Three hybrid orbitals form the nitrogen-carbon 

bonds, the remaining p orbital is arranged perpendicular to the latter. As for spiro-TAD (see 

section 3.4) the angle of twist between the nitrogen p orbitals and the p orbitals of the 

adjoining π-systems (fluorene and phenyl rings) can be calculated via the surface normals of 

the planes in which these atoms are lying. As pointed out in section 2.4, this angle of twist is 

crucial for the creation of spin orbit coupling.  

Calculation yields that no pair of surface normals (ring and nitrogen plane) is parallel or 

perpendicular to each other, but the angle of twist varies between 26° and 54°. This complies 

with the requirements for an l−aπ transition. For both nitrogen atoms N3 and N4 the angle 

between the p orbital and the fluorene moiety (26° for N3 and 29° for N4) is smaller than the 

angles to the adjoining phenyl rings. This implies greater interaction of the nitrogen p orbitals 

with the fluorene π-system than with the phenyl rings.  

Furthermore, the angle between the fluorene fragments in spiro-DPO was calculated to be 

87.3° which is a deviation from the ideal value of 90° which enables interaction between the 
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fluorene fragments (see section 2.5). Because of the uneven substitution pattern and the 

deviation of the angle between the fluorene fragments from the value valid for spirobifluorene 

spiro-DPO does not belong to the D2d point group [65-66].  

5.5 Discussion 

Spiro-DPO and spiro-MeO-DPO are asymmetrically substituted spirobifluorene derivatives 

with donor (TAD / MeO-TAD) and acceptor (PBD) moieties, and therefore show charge-

transfer emission. Their photophysical behaviour is strongly dependent on conformational 

changes within the molecules as can be shown by means of temperature dependent 

measurements: isosbestic points in the temperature dependent absorption spectra evidence the 

presence of probably equilibrating conformers. Temperature dependent luminescence spectra 

show by isoemissive points that there are two emitting CT states in equilibrium (Scheme 5.2, 

CT I and CT II) of which one has more planar conformation and emits at longer wavelengths 

than the other. Possible conformations involve rotation of the bonds between the nitrogen 

atoms and the neighbouring phenyl rings of the TAD moiety as well as of the bond between 

the oxadiazole ring and the adjacent aromatic systems in the PBD moiety.  

The polarity dependent absorption spectra show negative solvatochromism of the TAD-

related signal. This indicates that the transition is at least partly of l - aπ character as shown 

for spiro-TAD (see section 3). The evolving of a distinct vibronic structure at low temperature 

suggests that the low temperature conformation of the molecules favours the proportion of the 

π - π* transition in the mixed l - aπ and π - π* transition.  

An absorption signal corresponding to a direct transition from the ground states to one of the 

charge-transfer states has not been observed. In contrast, following photoexcitiation from the 

ground states to the local excited singlet state electron transfer within the molecules happens 

with rate constants ket in the regime of 1012 s−1 (Scheme 5.2) to reach the first CT state. So the 

electron transfer rate is higher than the rate of fluorescence from the local excited state, being 

in the range of kle = 1×109 s−1 (see section 3.3.3 and [9]), so that there should be no 

fluorescence from the local excited state. Nevertheless, local excited state fluorescence is still 

observed for spiro-DPO in unpolar solvents with steady state methods and even for spiro-

MeO-DPO by means of gated fluorescence measurements with an iCCD camera. 

Accordingly, there ought to be an equilibrium between the local excited and the charge-

transfer states, otherwise fluorescence from the local excited state would not have been 

detectable.  
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The intense phosphorescence investigated by steady state and gated measurements originates 

from the TAD / MeO-TAD moiety of the molecules as the PBD moiety exhibits no 

phosphorescence (see section 4.2.1). Absorption and phosphorescence spectra show matching 

features such as vibronic structure of the spectrum at 77 K, sensitivity to temperature and 

negative solvatochromism that are variably pronounced for spiro-DPO and spiro-MeO-DPO. 

 

 

Scheme 5.2: Simplified energy state diagram of spiro-DPO and spiro-MeO-DPO. Note, that 
only one of the equilibrating ground states is shown in the diagram.   

 

Concerning location and conformation the phosphorescence therefore probably originates 

from a similar local excited state in the TAD moiety to the local excited singlet state.  

Regarding the transition to the local excited triplet state of the TAD moiety, there are two 

possibilities: On the one hand, there can be intersystem crossing from the local excited singlet 

which happens with a rate constant of kISC = 28·107 s−1 (for diphenylamine at 77 K [52]). But 

this rate constant can even less compete with ket than the rate of local excited state 

fluorescence, so it is unlikely that the local excited triplet state is reached via the local excited 

singlet.  

On the other hand, intersystem crossing of a singlet CT state to a triplet CT state via radical 

pair intersystem crossing (RP-ISC) is possible and has been described for many other systems 

[108]. This implies a quenching of the CT fluorescence that can explain the low room 

temperature quantum yields of less than 5% for spiro-DPO and spiro-MeO-DPO (see section 

5.2.3). Additionally, a quenching of the phosphorescence by the (in this case) lower lying CT 

state can be observed in the temperature dependent phosphorescence spectra of spiro-MeO-

DPO (Fig. 5.23).  

Overall, spiro-DPO and spiro-MeO-DPO show similar photophysical behaviour. Differences 

exist in the stronger pronounced negative solvatochromism of the absorption and positive 
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solvatochromism of the CT emission of spiro-MeO-DPO. These differences, as well as the 

lack of fluorescence from the local excited state, are caused by the electron-pushing effect of 

the methoxy substituents in spiro-MeO-DPO. Due to the rotability of the methoxy groups the 

low temperature absorption spectra of spiro-MeO-DPO are less structured than for spiro-

DPO.  
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6 Spiro-DPSP and Spiro-DPSP2  
In chapter 6 the asymmetric spirobifluorene derivatives (Scheme 6.1) spiro-DPSP (2,7-Bis-

(N,N-diphenylamino)-2’,7’-bis-(biphenyl-4-yl)-9,9’-spirobifluorene) and spiro-DPSP2 (2,7-

Bis-(N,N-diphenylamino)-2’,7’-bis-(9,9’-spirobifluorene-2-yl)-9,9’-spirobifluorene) are in the 

centre of interest.  

Since in this case spirobifluorene is substituted by donor (TAD) and acceptor (oligophenyl) 

groups these derivatives should emit fluorescence from the local excited state and charge-

transfer emission. If there is longlived phosphorescence from the TAD moiety like in spiro-

DPO and spiro-MeO-DPO, was investigated by temperature dependent gated emission 

spectroscopy.  

Conformational changes in the ground and the excited states were followed by temperature 

dependent absorption and emission spectra. The ground state and the excited state dipole 

moments of spiro-DPSP and spiro-DPSP2 were calculated by use of polarity dependent 

absorption and emission spectra. In addition, absorption spectra will show if the charge-

transfer state can be reached directly by photoexcitation. The velocity of electron transfer for 

development of the charge-transfer state has been measured by photoinduced absorption 

spectroscopy. Differences in the photophysical behaviour of spiro-DPSP and spiro-DPSP2, e. 

g. in the polarity dependent emission spectra or the fluorescence lifetimes will be explained 

on the basis of their differing structure.  

 

N N N N

Spiro-DPSP Spiro-DPSP2

Scheme 6.1: The asymmetrically substituted spirobifluorene derivatives spiro-DPSP and 
spiro-DPSP2.  
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6.1 Absorption 

6.1.1 Temperature Dependence 

The room temperature absorption spectrum of spiro-DPSP shows features of the spiro-TAD 

absorption spectrum (375 nm - 410 nm) and the spiro-6pp absorption signals (320 nm -

375 nm), indicating nearly independent moieties in the ground state.  

With decreasing temperature the spiro-DPSP absorption spectrum changes considerably: The 

absorption coefficient increases showing the planarisation of the TAD and the sexiphenyl 

moiety with decreasing temperature. Furthermore, the developing of a more structured 

spectrum than at room temperature points to planarisation. For the sexiphenyl moiety the 

degree of structuredness is a bit smaller than that of a molecular half in spiro-6pp (compare to 

Fig. 4.2). This phenomenon can be explained by the underlying absorption signal of the TAD 

moiety at 360 nm (compare to Fig. 3.1). From the absorption signals of the TAD moiety only 

the peak of the 0-0-transition of the mixed π - π* and l - aπ absorption can be distinguished 

(see section 3.1).  

Fig. 6.1: Temperature dependent absorption coefficient of spiro-DPSP in methyl-THF. 
Isosbestic points at 336 nm (170 K-200 K) and 329 nm (94 K-145 K) are indicated by stars.  

 
The existence of two isosbestic points in the liquid as well as in the solid state indicates the 

existence of several species. These species are interpreted as different ground state 

conformations that are in equilibrium.  

The room temperature absorption spectrum of spiro-DPSP2 is very similar to that of spiro-

DPSP: only at 307 nm there is a signal typical of the fluorene unit [85-86]. Additionally, for 
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spiro-DPSP2 the absorption of the oligophenyl moiety (peaks at 353 nm and 365 nm) is 

slightly stronger compared to the TAD moiety so that the TAD-related absorption signal is 

merely visible as a shoulder around 385 nm. In the same way as for spiro-DPSP the 

absorption coefficient of spiro-DPSP2 (Fig. 6.2) increases with decreasing temperature due to 

planarisation within the molecular halves. Again, the oligophenyl-related signals show 

slightly less vibronic structure than that of spiro-6pp at low temperatures due to the overlap 

with the TAD-related signal. Still the oligophenyl-related signals are a bit more structured 

than the corresponding signals of spiro-DPSP. This is caused by the additional spiro-linked 

fluorene units on the sexiphenyl moiety of spiro-DPSP2 that stabilise the chromophore. For 

spiro-DPSP2 there also exist three isosbestic points in the liquid as well as in the solid state, 

indicating an equilibrium between conformationally differing ground states.  

Fig. 6.2: Temperature dependent absorption coefficient of spiro-DPSP2 in methyl-THF. 
Isosbestic points at 305 nm (115 K-220 K), 381 nm (77 K-100 K) and 386 (77 K-100 K) are 
indicated by stars.  

 
Generally, the absorption coefficients of the TAD-related signal at 77 K (spiro-DPSP: 

6.5·104 L mol-1 cm-1 and spiro-DPSP2: 5.0·104 L mol-1 cm-1) are considerably smaller than for 

spiro-TAD (19.7·104 L mol-1 cm-1). This holds also if the absorption coefficient of spiro-TAD 

is reduced to half the value, because different from the asymmetrically substituted 

spirobifluorenes spiro-TAD has two TAD moieties. Probably the reduced low temperature 

absorption coefficients for the TAD moiety of spiro-DPSP and spiro-DPSP2 are due to a 

reduced planarisation of the TAD moiety compared to spiro-TAD.  
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6.1.2 Polarity Dependence 

The absorption spectra of spiro-DPSP and spiro-DPSP2 resemble the addition of the 

absorption signals of the TAD and the oligophenyl moiety [15]. Therefore they exhibit mixed 

π-π* and l-aπ absorption at around 380 nm (see section 3) because of the TAD moiety and π-

π* absorption (275 nm-375 nm) due to the oligophenyl moiety (see section 4).  

Therefore in the spiro-DPSP and the spiro-DPSP2 absorption spectrum (Fig. 6.3) the 

oligophenyl-related peaks (e.g. “peak 2”) show bathochromic shifts with increasing polarity 

(4.5 nm and 3 nm, going from cyclohexane to acetone) as shown in Fig. 6.4 (left).  

The peak maxima of the TAD-related absorption signals (“peak 1”) are difficult to read out, 

especially for spiro-DPSP2 in polar solvents. So the absorption spectra of spiro-DPSP and 

spiro-DPSP2 have been fitted by Gauss peaks to deconvolute the spectra. “Peak 1” in Fig. 6.4 

(right) corresponds to the peak value of the longest wavelength Gauss peak found by use of 

this method.  

 
Fig. 6.3: Absorption coefficients of spiro-DPSP (left) and spiro-DPSP2 (right) in solvents of 
different polarity. Spectral values of the peaks and absorption coefficients can be found in 
section 9.3.  

 
The TAD-related absorption signal shows negative solvatochromism for spiro-DPSP (3.2 nm 

going from cyclohexane to acetone) and spiro-DPSP2 (5 nm going from cyclohexane to 

acetone). This indicates that the dipole moment of the molecules in the ground state is larger 

than in the local excited state. Since only the TAD-related absorption signal shows negative 

solvatochromism, the ground state dipole moment should lie within the TAD moiety.  
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Fig. 6.4: Peak values of the absorption spectra of spiro-DPSP and spiro-DPSP2. Peak 1 
(right) shows a hypsochromic shift, peak 2 (left) a bathochromic shift upon increasing solvent 
polarity. As mentioned in the text, peak 1 has been found by Gauss fitting.  

 
So absorption leads to an local excited state with a dipole moment that is smaller than in the 

ground state. The local excited state then further transfers to a charge-transfer state as shown 

in the following sections. An absorption directly into the charge-transfer state has not been 

observed. 

6.1.3 Photoinduced Absorption Spectroscopy 

Photoinduced absorption spectroscopy is utilised to investigate the transition from the local 

excited state to the charge-transfer state: room temperature measurements of spiro-DPSP have 

been carried out at an absorption wavelength of 1100 nm. At this wavelength only the 

absorption of the cation of the TAD moiety is observed as has been shown by electrochemical 

measurements (see section 9.7.3). Photoinduced absorption experiments have only been 

carried out for spiro-DPSP.  

Time-resolved absorption measurements show that the absorption at 1100 nm increases within 

a few hundred femtoseconds, indicating that the charge-transfer state which comprises a 

partly cationic donor (TAD) moiety is reached very fast. The resulting rise times for the 

evolving of the charge-transfer state correspond to the lifetime of electron transfer τet.  

With 575 fs to 372 fs (Table 5.1) the lifetimes for intramolecular electron transfer and thus the 

corresponding rate constants are very fast. Other ways of depopulating the local excited 

singlet state like intersystem crossing to the local excited triplet [52] or fluorescence (see 

sections 3.3.3 and 4.2.4) cannot compete with the rate constants for electron transfer. 
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Nevertheless, both phosphorescence and fluorescence from the local excited state can be 

observed. The probable mechanism will be discussed later on.  

 

Table 6.1: Rise times for intramolecular electron transfer in spiro-DPSP, determined by 
photoinduced absorption spectroscopy at room temperature (at 1100 nm, with 100 fs steps).  
 

spiro-DPSP 
solvent 

τet [fs] ket [s-1] 

cyclohexane 575 ± 48 1.7·1012 

dichloromethane 372 ± 45 2.6·1012 

6.2 Steady State Luminescence 

The room temperature emission of spiro-DPSP (Fig. 6.5) in cyclohexane is characterised by 

strong local emission at 396 nm and 419 nm. Fluorescence from the charge-transfer state is 

hidden in the long wavelength tail of the emission as temperature dependent measurements 

show (see Fig. 6.9 in section 6.2.1.1).  

Fig. 6.5: Normalised room temperature emission spectra of spiro-DPSP in cyclohexane in 
dependence on the excitation wavelength. There are small deviations for excitation 
wavelengths from 339 nm-380 nm. 
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Fig. 6.6: Normalised room temperature emission spectra of spiro-DPSP2 in cyclohexane in 
dependence on the excitation wavelength. There are clear deviations for excitation 
wavelengths from 348 nm-370 nm around 400 nm and small deviations for excitation 
wavelengths from 300 nm-309 nm at 430 nm, 455 nm and 485 nm. 

 
Spiro-DPSP2 exhibits a similar fluorescence spectrum (Fig. 6.6), but with differently accented 

local emission maxima at 398 nm and 421 nm. Probably the peak at 421 nm is more intense 

than the corresponding peak of spiro-DPSP because of the planarised oligophenyl 

chromophore in spiro-DPSP2.  

During intramolecular charge-transfer an electron is transferred from the donor moiety (TAD) 

to the acceptor moiety (oligophenyl) that are separated by the orthogonal spiro-linkage. 

Regardless of which moiety is photoexcited, the charge-transfer state is reached, as can be 

proven by excitation wavelength dependent emission spectra (Fig. 6.5 and Fig. 6.6). As 

mentioned above, the CT state is not populated directly from the ground state, but must be 

reached via the local excited state. 

6.2.1 Temperature Dependence 

6.2.1.1 Spiro-DPSP 

At room temperature spiro-DPSP in methyl-THF exhibits mainly a broad charge-transfer 

signal at 486 nm and weak fluorescence from the local excited state around 405 nm (see 

section 6.2.2).  
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At low temperature (Fig. 6.7) the situation is completely different: there is strong local 

emission at 399 nm and 422 nm and phosphorescence at 519 nm and 562 nm, but CT 

emission cannot be detected. However, at 105 K and 115 K the local fluorescence decreases, 

and the CT emission evolves at around 460 nm. At this temperature the solvent exists as a 

supercooled liquid, having past the glass transition at 91 K [93], so that the molecules can 

perform conformational changes that help stabilise the CT state and make it energetically 

more favourable.  

The phosphorescence emission shows relaxation phenomena as well: exactly when the glass 

transition is past at 92 K, the peaks at 519 nm and 562 nm rapidly decrease in intensity. The 

spectrum starts to shift bathochromically until reaching values of 551 nm and 599 nm at 

115 K. In this temperature range between 77 K and 115 K it shows that each phosphorescence 

peak comprises two signals of which one is rather temperature sensitive. Obviously even in 

the supercooled liquid that has high viscosity the lifetime of the excited state is long enough 

to let the molecules reach their equilibrium conformation: in contrast to the fluorescence 

spectrum the phosphorescence does not show any shift above 115 K until it fades at 145 K, 

just above the melting point at 137 K.  

Fig. 6.7: Temperature dependent luminescence spectra of spiro-DPSP in 2-methyl-THF 
(77 K-145 K, λex = 422 nm). The glassy sample emits fluorescence from 385 nm-500 nm and 
phosphorescence from 500 nm-600 nm.  
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In the fluorescence spectrum the proportion of CT emission to local excited state emission 

increases considerably with increasing temperature, especially near the melting point of 

methyl-THF. Additionally, the CT emission shifts bathochromically to 527 nm (135 K, Fig. 

6.8) showing a clear relaxation. So for the fluorescence emission with its comparably short 

lifetime, melting is crucial to reach a temperature regime in which the solvent viscosity allows 

for conformational relaxation of the molecules within the excited state lifetime.  

Fig. 6.8: Temperature dependent luminescence spectra of Spiro-DPSP in 2-methyl-THF 
(135 K-165 K, λex = 422 nm).  

 

In the liquid sample the phosphorescence is not distinguishable by steady state methods any 

more. This leaves little local fluorescence and the CT emission which starts to decrease in 

intensity and to shift hypsochromically to 510 nm (165 K). With further increasing 

temperature (Fig. 6.9) the emission keeps on shifting hypsochromically, but increases in 

intensity until reaching 486 nm at 295 K.  

The initial decrease of intensity may be caused by the overlap with the fading 

phosphorescence that cannot be identified any more above 137 K, but may still contribute to 

the emission. For the emission spectra from 185 K to 285 K there exists an isoemissive point 

at 514 nm which is interpreted as due to an equilibrium between two emissive states. These 

states are assigned as charge-transfer states with differing conformation. An equilibrium 

between a local excited state and a CT state does not come into consideration, as noteworthy 
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local emission is not detected until at 295 K. So the subsequent increase of intensity is 

presumably created by the shift of the equilibrium to the less planar CT conformer with 

increasing temperature. This conformer should have higher quantum yield than the other 

because its conformation bears greater similarity to the non-planar ground state conformation.  

Fig. 6.9: Temperature dependent luminescence spectra of Spiro-DPSP in 2-methyl-THF  
(165 K-295 K, λex = 422 nm). The isoemissive point at 514 nm indicates an equilibrium 
between two excited state species in a temperature range from 185 K to 285 K.  

 

In non-polar methyl-cyclohexane solution room temperature emission shows two peaks at 

398 nm and 420 nm (see Fig. 6.16 in section 6.2.2). Compared to methyl-THF solution, the 

first signal shows almost no changes whereas the long wavelength peak has shifted 

hypsochromically from 485 nm to 420 nm. This positive solvatochromism indicates that the 

long wavelength peak consists of overlapping signals for local and charge-transfer emission.  

At 77 K (Fig. 6.10) the fluorescence signals at 399 nm and 419 nm differ only slightly from 

those in methyl-THF solution at 399 nm and 422 nm, both probably originate from local 

excited states. The charge-transfer emission only shows at 150 K and 160 K above the 

melting point at 146 K as a shoulder at 460 nm because then the molecule is able to relax its 

conformation. A temperature regime where methyl-cyclohexane is existent as a supercooled 

fluid only partly exists because it does not form proper glasses (see section 9.1.1).  
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Fig. 6.10: Temperature dependent luminescence spectra of spiro-DPSP in methyl-
cyclohexane (77 K-175 K, λex = 339 nm).  

 

The phosphorescence differs from that in methyl-THF, especially in its vibronic structure: 

whereas in the methyl-THF measurement each peak seems to comprise two signals of unequal 

intensity, in methyl-cyclohexane three to four signals are just about distinguishable at 77 K.  

Another difference is the temperature dependence of the triplet emission that shifts a lot in 

methyl-THF in contrast to methyl-cyclohexane solution. Here the emission only decreases in 

intensity with increasing temperature. Beneath 150 K this is due to the rigidity of the non-

glassy solvent matrix, above there is still no shift observable which suggests that a 

conformational relaxation of the triplet state is not favourable in a non-polar solvent like 

methyl-cyclohexane.  

Furthermore, the phosphorescence of spiro-DPSP shifts bathochromically by 3 nm (going 

from methyl-cyclohexane to methyl-THF), exhibiting positive solvatochromism. This is in 

opposition to the behaviour of spiro-DPO and spiro-MeO-DPO that show negative 

solvatochromism of the triplet emission (see chapter 5) and suggests that the triplet state of 

spiro-DPSP is not comparable to those of spiro-DPO and spiro-MeO-DPO.  
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In the liquid sample at 185 K only local (at 400 nm and 434 nm) and charge-transfer (460 nm) 

emission are detectable. In contrast to the results of the methyl-THF measurements, the 

intensity of local emission exceeds that of the CT emission. An isoemissive point at 443 nm 

denotes the existence of two emitting states that are probably in equilibrium. Different from 

the isoemissive point marking equilibria between CT states in methyl-THF solution (see 

section 6.2.1.1), the decrease of the CT signal (460 nm) and the simultaneous increase of the 

signal for local emission (at 398 nm and 420 nm) are observable in the spectra. So there is an 

equilibrium between local excited and CT state that shifts to the local excited state with 

increasing temperature. Therefore the emission shifts hypsochromically with increasing 

temperature as in methyl-THF solution, but shows no initial intensity decrease because there 

is less overlap of fluorescence and phosphorescence. The emission intensity increases with 

increasing temperature as the local excited state has higher quantum yield than the CT state 

because of its greater orbital overlap with the ground state.  

Fig. 6.11: Temperature dependent luminescence spectra of spiro-DPSP in methyl-
cyclohexane (185 K-300 K, λex = 339 nm). The isoemissive point at 443 nm indicates two 
excited state species in a temperature range from 235 K to 300 K.  
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6.2.1.2 Spiro-DPSP2  

The room temperature emission of spiro-DPSP2 in methyl-THF is characterised by a 

dominating, broad charge-transfer signal at 478 nm and little emission from the local excited 

state at around 396 nm (see Fig. 6.18). However, the broad signal contains not only CT 

emission, but also little emission from the local excited state at its hypsochromic edge as can 

be investigated by low temperature spectra (see section 6.2.2).  

The spectrum at 77 K (Fig. 6.12) looks similar to the room temperature measurement, but 

with more intense local emission at 400 nm and a broad signal at 425 nm. An overlap of local 

and charge-transfer emission can be recognized by the shoulder at around 450 nm. With 

increasing temperature, this shoulder turns into a broad signal that shifts bathochromically to 

487 nm at 125 K. This fits the behaviour of a charge-transfer state due to conformational 

relaxation in the supercooled liquid. The broad signal at 425 nm shows only a small 

hypsochromic shift from 425 nm to 420 nm going from methyl-THF to methyl-cyclohexane 

(see Fig. 6.14) as solvent. This shows that the proportion of fluorescence from the local 

excited state is greater than in the room temperature measurement because in the glassy 

matrix the molecule is not able to relax which would make the CT state energetically more 

favourable.  

Fig. 6.12: Temperature dependent luminescence spectra of spiro-DPSP2 in 2-methyl-THF 
(77 K-150 K, λex = 320 nm).  
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The phosphorescence of spiro-DPSP2 at 77 K differs from the spiro-DPSP phosphorescence 

in its vibronic structure: the first vibronic is lower in intensity than the second while the 

position of the vibronics shows only minor changes. This suggests that the phosphorescence 

of spiro-DPSP2 originates from the same state as for spiro-DPSP. But for spiro-DPSP2 already 

at 77 K the two signals making up the first phosphorescence peak (532 nm) can be 

distinguished. The temperature sensitivity of the short wavelength signal is more pronounced 

for spiro-DPSP2 than for spiro-DPSP.  

In the liquid sample (Fig. 6.13) the phosphorescence is not detectable any more. The CT 

emission shifts hypsochromically to 478 nm (at 293 K) with increasing temperature showing 

an isoemissive point at 498 nm. As for spiro-DPSP in methyl-THF it is assigned to an 

equilibrium between two emitting CT states with different excited state conformation. 

Fig. 6.13: Temperature dependent luminescence spectra of spiro-DPSP2 in 2-methyl-THF 
(145 K-293 K, λex = 320 nm). The isoemissive point at 498 nm indicates the presence of two 
excited state species in a temperature range from 210 K to 245 K.  

 
In methyl-cyclohexane at room temperature spiro-DPSP2 exhibits local emission at 398 nm 

and at 423 nm (see Fig. 6.18). The second signal is broadened because of an underlying 

charge-transfer emission. The proportion from local to CT emission is greater because 

methyl-cyclohexane is a non-polar solvent that does not stabilise the CT state as much as 

methyl-THF.  
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Fig. 6.14: Temperature dependent luminescence spectra of spiro-DPSP2 in methyl-
cyclohexane (77 K-150 K, λex = 344 nm).  
 
 

Fig. 6.15: Temperature dependent luminescence spectra of spiro-DPSP2 in methyl-
cyclohexane (160 K-295 K, λex = 344 nm). The isoemissive point at 429 nm indicates the 
existence of two excited state species in a temperature range from 235 K to 290 K.  
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At 77 K (Fig. 6.14) spiro-DPSP2 shows intense local emission at 401 nm and 420 nm. Above 

the melting point at 146 K, at 150 K, it clearly overlaps with the CT emission at 464 nm. The 

phosphorescence of spiro-DPSP2 in methyl-cyclohexane shows almost no shift with respect to 

the measurement in methyl-THF. Similar to spiro-DPSP the vibronic structure is more 

elaborate and does not show peaks that comprise two signals. Concerning relaxation in the 

solidified sample fluorescence and phosphorescence spectra show that conformational 

changes are only possible near the melting point because methyl-cyclohexane does not form 

proper glasses.  

In the liquid sample (Fig. 6.15), phosphorescence is not detectable by steady state methods 

any more. The mixed local emission (435 nm) and charge-transfer (shoulder at 458 nm) signal 

and the pure emission from the local excited state at 399 nm are left at 160 K. With increasing 

temperature especially the local emission at 435 nm decreases in intensity until it exhibits an 

isoemissive point at 429 nm from 235 K to 290 K. This isoemissive point is assigned to an 

equilibrium between the local excited state and the CT state: the shouler at around 460 nm 

decreases gradually while the local emission signal at 399 nm increases inducing a 

hypsochromic shift of the main maximum by 10 nm.  

6.2.2 Polarity Dependence 

Room temperature steady state fluorescence measurements have been carried out in solvents 

of different polarity to investigate the influence on the emission signals.  

Fig. 6.16: Room temperature emission spectra of spiro-DPSP in solvents with increasing 
polarity (from left to right). Peak values of all spectra can be found in the appendix (section 
9.5). The red arrow marks Raman scattering of the excitation light for the measurement in 2-
butanone.  
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For spiro-DPSP (Fig. 6.16) a dramatic decrease of the signal at 396 nm, but no shift can be 

observed for increasing solvent polarity, characterising this signal as emission from a local 

excited state. Simultaneously the broader signal at 419 nm shifts bathochromically by 95 nm 

and further broadens going from cyclohexane to acetone as solvent. This indicates a charge-

transfer character of the corresponding transition. Temperature dependent measurements in 

methyl-cyclohexane (see section 6.2.1.1) show that in low polarity solvents like cylohexane 

and cis-decalin the CT emission is superposed by fluorescence from the local excited state. In 

contrast, temperature dependent measurements in methyl-THF exhibit only one signal for 

local emission, but two signals for charge-transfer emission.  

So for Weller plot analysis (Fig. 6.17, left) differing fitting settings have been used for 

different solvents: measurements in cylohexane and cis-decalin are fitted by three Gaussian 

peaks, standing for two local emission signals (“Gaussian 1” and “Gaussian 2”) and one CT 

emission signal (“Gaussian 3”). Measurements in methyl-THF, 2-butanone, and acetone are 

fitted by three Gaussian peaks that mark one local emission signal (“Gaussian 1”) and two CT 

emission signals CT I und CT II (“Gaussian 3” and “Gaussian 4”), fits of the Gaussians can 

be found in section 9.6.3. Lippert-Mataga plotting is not feasable for the charge-transfer states 

because direct absorption into the CT states cannot be detected [38]. For the local excited 

state it is also not applicable because the emission signals cannot be assigned to a specific part 

of the molecule and thus to a specific absorption signal. 

Fig. 6.17: Weller plots of spiro-DPSP (left) and spiro-DPSP2 (right), data points for toluene 
solution are not included in the linear fits because they show interactions with spiro-DPSP 
and spiro-DPSP2 and therefore cannot be fitted by three Gaussians.  

 



SPIRO-DPSP AND SPIRO-DPSP2 
   

 97

The polarity dependence of “Gaussian 1” is rather weak, as can be expected for emission from 

a local excited state, and has a small excited state dipole moment of 3 D. “Gaussian 3” stands 

for a CT emission signal and actually shows a strong polarity dependence, the excited state 

dipole moment is 18 D. Unfortunately, for “Gaussian 2” and “Gaussian 4” exist too few data 

points for proper interpretation, thus they are omitted in Fig. 6.17.  

The room temperature fluorescence spectra of spiro-DPSP2 (Fig. 6.18) exhibit similar 

tendencies to those of spiro-DPSP: the emission at 398 nm does not shift with increasing 

polarity, but decreases in intensity, indicating fluorescence from the local excited state. The 

broad signal shifts bathochromically by 83 nm going from cyclohexane to acetone as solvent, 

showing its charge-transfer character. Again, temperature dependent measurements in methyl-

cyclohexane (see section 6.2.1.2) have shown that in non-polar solvents the main signal 

consists of two overlapping local and charge-transfer emission signals.  

 
Fig. 6.18: Room temperature emission spectra of spiro-DPSP2 in solvents with increasing 
polarity (from left to right). The red arrow marks Raman scattering of the excitation light for 
the measurements in methyl-THF, 2-butanone, and acetone.  

 
Different from spiro-DPSP, for spiro-DPSP2 these signals can be distinguished in toluene 

solution. Presumably the signal at around 425 nm corresponds to the local (vide infra) and the 

signal at 450 nm to the CT fluorescence. Why the signal at 425 nm is only visible for spiro-

DPSP2 is difficult to resolve. However, the only difference between spiro-DPSP and spiro-

DPSP2 is that the sexiphenyl moiety in spiro-DPSP2 is bridged by two fluorene units. This 
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stiffens the sexiphenyl moiety and should enhance the quantum yield of local emission from 

this part of the molecule. In fact there is generally more short wavelength emission in spiro-

DPSP2 than for spiro-DPSP. So the emission at around 425 nm is probably due to emission 

from the local excited state of the oligophenyl units of spiro-DPSP and spiro-DPSP2.  

Unlike the measurements in methyl-cyclohexane, temperature dependent measurements in 

methyl-THF exhibit not only two local emission signals, but also two signals for charge-

transfer emission. Thus for Weller plot analysis (Fig. 6.17, right) different fitting settings have 

been utilised for different solvents: measurements in cylohexane and cis-decalin are fit by 

three Gaussian peaks, denoting two local emission signals (“Gaussian 1” and “Gaussian 2”) 

and one CT emission signal (“Gaussian 3”). Measurements in methyl-THF and 2-butanone 

are fitted by four Gaussian peaks that designate two local emission signals (“Gaussian 1” and 

“Gaussian 2”) and two CT emission signals CT I und CT II (“Gaussian 3” and “Gaussian 4”). 

Since spiro-DPSP2 in acetone shows almost no emission at 398 nm, this fluorescence 

spectrum is only fitted by the Gaussian peaks 2, 3, and 4 (see section 9.6.3).  

The polarity dependence of “Gaussian 1” and “Gaussian 2” is rather weak, concordant with 

their designation as emission from local excited states. They exhibit excited state dipole 

moments of 8 D and 3 D. “Gaussian 3” shows a strong polarity dependence and a excited 

state dipole moment of 19 D, supporting its designation as charge-transfer emission. For 

“Gaussian 4” exist too few data points for proper argumentation, so they are omitted in Fig. 

6.17.  

6.2.3 Fluorescence Quantum Yields 

The relative fluorescence quantum yields of spiro-DPSP and spiro-DPSP2 show very similar 

behaviour: They do not exceed 14 % and decrease with increasing solvent polarity. As for 

spiro-DPO and spiro-MeO-DPO the reason is probably quenching of the singlet CT state by 

the local excited triplet of the TAD moiety via the triplet CT (by radical pair exchange) [110-

111]. However the quantum yields are higher than for spiro-DPO and its derivative. This is 

due to the clearly larger proportion of emission from the local excited state in spiro-DPSP and 

spiro-DPSP2. The larger proportion of emission from the local excited state can be explained 

by a smaller tendency to charge-transfer, as electrochemical measurements show: cyclic 

voltammetry of spiro-DPSP (see section 9.7.3) in tetrahydrofuran and measurements of the 

optical bandgap show that the HOMO as well as the LUMO of the TAD moiety lie 0.1 eV 

lower in energy than the corresponding orbitals in the sexiphenyl moiety. This evidences that 

the sexiphenyl moiety is the electron acceptor and the TAD moiety the electron donor. For 
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spiro-DPSP2 the LUMO of the oligophenyl acceptor lies 0.1 eV below that of the TAD donor. 

For the HOMOs the situation changes, here the oligophenyl HOMO lies 0.1 eV above the 

TAD HOMO (see section 9.7.4 for details). This points to a weak charge-transfer character of 

spiro-DPSP2 in comparance to spiro-DPSP which also shows in the polarity dependent spectra 

(Fig. 6.18 and Fig. 6.16).  

In contrast, for spiro-DPO the tendency to charge-transfer is considerably stronger: the 

HOMO-HOMO difference accounts for 0.2 eV, for spiro-MeO-DPO even 0.4 eV which 

enlarges the driving force for charge-transfer.  

 

Table 6.2: Relative fluorescence quantum yields of spiro-DPSP and spiro-DPSP2 in solvents 
of different polarity (c < 10−5 M). 

 
solvent Spiro-DPSP [%] Spiro-DPSP2 [%] 

cyclohexane 14 14 
cis-decalin 14 13 

toluene 8 9 
2-methyl-THF 3 6 

2-butanone 2 3 
acetone 3 3 

6.3 Time-resolved Luminescence Spectroscopy 

6.3.1 Gated Fluorescence Spectroscopy 

For spiro-DPSP gated fluorescence spectra have been measured at various temperatures in 

methyl-THF. At 145 K (Fig. 6.19) the developing and declining of the signals for local 

emission and charge-transfer fluorescence can be nicely followed. At short delay times like 

1 ns the local emission at 402 nm and 420 nm dominates whereas the CT emission (486 nm) 

emerges to maximum intensity at a delay of 2 ns. At long delay times (e. g. 13 ns) only CT 

emission is detectable, the emission from the local excited state has already passed.  

Temperature dependent gated fluorescence spectra at a delay of 5 ns (Fig. 6.20) show similar 

peak values as the steady state spectra (see Fig. 6.7 and Fig. 6.9). With rising temperature the 

emission maximum shifts first bathochromically (up to 145 K) and then hypsochromically, 

consistent with the behaviour of the temperature dependent steady state luminescence spectra.  

For spiro-DPSP2 gated fluorescence spectra show similar tendencies as the steady state 

spectra and do not provide information that leads to new findings.  
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Fig. 6.19: Gated fluorescence spectra of spiro-DPSP in 2-methyl-THF at 145 K, measured at 
various delay times. The local emission signal at 402 nm is subject to self-absorption effects.  

 
 

Fig. 6.20: Gated fluorescence spectra (delay 5 ns) of spiro-DPSP in 2-methyl-THF at various 
temperatures. The spectrum at 77 K is subject to self-absorption effects.  
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6.3.2 Gated Phosphorescence Spectroscopy 

Temperature dependent gated phosphorescence spectra of spiro-DPSP (Fig. 6.21) show the 

rapid change in the low temperature phosphorescence spectrum with increasing temperature. 

The main signals at 517 nm and 563 nm are in fact built of two underlying signals that can be 

distinguished at 94 K. As indicated by the dashed arrows, they show as weak shoulders at 

535 nm and 578 nm at 77 K. Finally they shift bathochromically to 553 nm and 600 nm at 

115 K. With further increasing temperature the phosphorescence only becomes weaker in 

intensity.  

In the liquid sample at 200 K and 293 K the triplet emission is overlaid by delayed 

fluorescence that is probably generated by triplet-triplet annihilation. So there is still 

phosphorescence emission at 200 K as a weak signal at around 540 nm shows. At room 

temperature the spectrum does not give information whether all triplet states annihilate or if 

some still emit. However, phosphorescence lifetime measurements (see section 6.3.3) provide 

biexponential decays that indicate delayed fluorescence and phosphorescence emission.  

Fig. 6.21: Temperature dependent gated phosphorescence spectra (delay 1 ms, integration 
time 10 ms) of spiro-DPSP, measured in methyl-THF. The arrows indicate the shifting of 
signals that are overlaid at 77 K.  

 

For spiro-DPSP2 the gated phosphorescence spectrum at 77 K shows identical signals to the 

steady state spectrum (Fig. 6.12), only the shoulder at 517 nm (black arrow in Fig. 6.22) is 

less distinctive. (This is due to the delay of 1 ms at which the spectra are measured. At smaller 
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delays the shoulder is a bit more pronounced.) It corresponds to the maximum signal at 

517 nm for spiro-DPSP (Fig. 6.21), that is diminished for the triplet emission of spiro-DPSP2. 

In the same way, for spiro-DPSP2 the signal at 563 nm (spiro-DPSP) is reduced in intensity, 

leaving only the underlying signal at 574 nm. Similar to the behaviour of spiro-DPSP, the 

signals decrease in intensity and shift bathochromically to 560 nm and 603 nm at 145 K.  

Fig. 6.22: Temperature dependent gated phosphorescence spectra (delay 1 ms, integration 
time 10 ms) of spiro-DPSP2, measured in methyl-THF.  

 

At higher temperatures the phosphorescence is overlaid by delayed fluorescence emission. At 

200 K the vibronic structure is still distinguishable in the spectrum, at 293 K only the 

phosphorescence lifetimes (see section 6.3.3) give evidence than there is still triplet emission.  

6.3.3 Phosphorescence Lifetime Measurements 

The phosphorescence lifetimes of spiro-DPSP and spiro-DPSP2 are longer than one second in 

methyl-THF glass at 77 K, probably due to the ISC enhancing effect of the l - aπ transition. 

They exceed the measurement time frame of one second, so they are only estimates. With 

increasing temperature the phosphorescence lifetimes of both molecules decrease because of 

quenching effects in the melting solvent. In the liquid sample, additional delayed fluorescence 

develops that overlaps with the phosphorescence. So decay curves have been compiled from 

spectra that comprise singlet and triplet emission. They have been fitted biexponentially with 

two lifetimes, one for phosphorescence and one for delayed fluorescence.  
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Table 6.3: Phosphorescence lifetimes of spiro-DPSP and spiro-DPSP2 (c < 10-5 M) in 
methyl-THF. For fitting of the phosphorescence decay see sections 9.8.4 and 9.8.5. 
 

spiro-DPSP spiro-DPSP2 
T [K] 

τphos [ms] τdelFluo [ms] τphos [ms] τdelFluo [ms] 
77 1130 - 1593 - 
94 909 - 1104 - 
115 847 - 826 - 
145 45.5 - 211 - 
200 2.2 0.4 118 12 
293 1.5 0.09 2.1 0.3 

6.3.4 Fluorescence Lifetime Measurements 

Spiro-DPSP exhibits multiexponential fluorescence decays (Table 6.4): In non-polar 

cyclohexane two lifetimes are adequate to fit the decay, but with increasing polarity (for 

dielectric constants see section 9.2) three or even four lifetimes are needed to fit the decay 

curve. This is ascribed to the greater number of conformationally differing excited states of 

spiro-DPSP that can be populated in polar solvents. The longest lifetime τ4 increases more 

than two times going from cyclohexane to acetone. Therefore it is assigned to emission from 

the charge-transfer state.  

 

Table 6.4: Fluorescence lifetimes of spiro-DPSP at room temperature in various solvents 
(c < 10-5 M, λex = 375 nm). The value of χ2

glob holds for the global fittings. Concerning the 
amplitudes of globally fitted lifetimes see section 2.7.1.  

 
solvent τ1 [ns] τ2 [ns] τ3 [ns] τ4 [ns] χ2

glob 
cyclohexane 0.96 - - 12.05 1.054 
cis-decalin 0.92 4.39 - 13.93 1.005 
methyl-THF 1.03 4.60 - 20.17 1.029 
2-butanone 0.47 2.14 6.90 25.45 1.075 
acetone - 2.21 8.78 32.53 1.052 

 

Table 6.5: Fluorescence lifetimes of spiro-DPSP2 at room temperature in various solvents 
(c < 10-5 M, λex = 375 nm). The value of χ2

glob holds for the global fittings. Concerning the 
amplitudes of globally fitted lifetimes see section 2.7.1.  

 
solvent τ1 [ns] τ2 [ns] τ3 [ns] τ4 [ns] χ2

glob 
cyclohexane 0.96 5.07 - 14.27 1.035 
cis-decalin 0.92 3.88 - 15.00 1.063 
methyl-THF 1.50 6.93 - 21.91 1.089 
2-butanone 0.41 1.33 5.83 16.76 1.032 
acetone - 6.68 33.46 39.28 1.075 
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Spiro-DPSP2 (Table 6.5) exhibits multiexponential fluorescence decays as well and shows the 

same number of lifetimes that are needed to fit the decay in a specific solvent. The longest 

lifetime τ4 is generally longer than for spiro-DPSP, it increases to 39 ns. This lifetime is 

attributed to a charge-transfer transition, so probably the charge-transfer state can be better 

stabilised in spiro-DPSP2. This fits the structural differences between spiro-DPSP and spiro-

DPSP2 because spiro-DPSP2 has a stiffer oligophenyl moiety that can stabilise a negative 

charge more effective than the flexible sexiphenyl moiety in spiro-DPSP.  

6.4 Crystal Structure of spiro-DPSP2  

The crystal structure of spiro-DPSP2 (see section 8.10.3) exhibits an elementary cell 

containing two molecules. Similar to spiro-TAD (section 3.1.4) and spiro-DPO (see section 

4.4) it shows angles between the bonds of the nitrogen atoms N1 and N2 with the adjacent 

carbon atoms of about 120° meaning that these nitrogen atoms are sp2 hybridised. Three sp2 

hybrid orbitals form the nitrogen-carbon bonds, the remaining p orbital is arranged 

perpendicular to the hybrid orbitals. As for spiro-TAD and spiro-DPO the angle of twist 

between the nitrogen p orbitals and the p orbitals of the adjoining π-systems (fluorene and 

phenyl rings) can be calculated via the surface normals of the planes in which these atoms are 

lying.  

 



SPIRO-DPSP AND SPIRO-DPSP2 
   

 105

 
Fig. 6.23: Crystal structure of spiro-DPSP2 - The diphenyl-amine substituted part (top 
picture) and the oligophenylen part (bottom picture) of the molecule.  

 
Calculation yields that no pair of surface normals (ring and nitrogen plane) is parallel or 

perpendicular to each other, but the angle of twist varies between 26° and 65°. This conforms 

to the requirements for an l - aπ transition. For both nitrogen atoms N1 and N2 the angle 

between the p orbital and one of the phenyl rings (35° for N1 and 26° for N2) is smaller than 

the angles to the adjoining fluorene moieties. This implies greater interaction of the nitrogen p 

orbitals with the phenyl rings than with the fluorene π-system.  

The angles between the spiro-linked moieties of the molecule show an interesting tendency: 

The angle between the moieties that are spiro-linked via C60 and C85 are 87.6° and 87.8° 

which matches the values for spiro-TAD or spiro-DPO. But the angle between the fluorene 

fragments linked by C1 is more distorted from the ideal value of 90° and amounts only 83.9°. 

This is probably due to the bulky substituents of the central spirobifluorene moiety.  

As shown for spiro-DPO spiro-DPSP2 does not belong to the D2d point group because of the 

deviation of the spiro-linkage angle from 90° and the uneven substitution pattern of the 

central spirobifluorene moiety. Therefore, a ground state dipole moment is not forbidden for 

reasons of symmetry and shows in the polarity dependent absorption spectra of spiro-DPSP2 

(see section 6.1.2).  
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6.5 Discussion 

Spiro-DPSP and spiro-DPSP2 are bearing spiro-linked donor (TAD) and acceptor 

(oligophenyls) moieties. They show emission from the local excited state and from charge-

transfer states. Since these molecules include many flexible moities, their photophysical 

characteristics are largely influenced by conformational effects. This is evidenced by 

isosbestic points in the temperature dependent absorption spectra that suggest the existence of 

several ground state conformers.  

In the temperature dependent fluorescence spectra are isoemissive points, an indication for the 

presence of several excited state species, probably two species in temperature dependent 

equilibrium. The nature of these excited states depends on the solvent. In methyl-THF they 

are assigned to two equilibrating CT states (CT I and CT II) with differing conformation 

(Scheme 6.2), in methyl-cyclohexane they are interpreted as local excited state and CT state. 

Differing conformations with only small energy differences can easily be reached by rotation 

of the bonds between phenyl rings in the sexiphenyl part of spiro-DPSP or between the 

nitrogen atoms and the adjoining phenyl rings of the TAD moiety in spiro-DPSP and spiro-

DPSP2.  

In the phosphorescence spectra there show temperature dependent shifts as well: for spiro-

DPSP four signals are detectable which do not show shifts in methyl-cyclohexane solution, 

but exhibit considerable changes in methyl-THF solution. There, two of the four signals 

decrease in intensity as soon as the glass transition (~92 K) is reached. As mentioned before, 

methyl-cyclohexane does not build proper glasses in contrast to methyl-THF. So the 

molecules cannot move in methyl-cyclohexane solution beneath the melting point at 146 K. In 

methyl-THF above the glass transition the molecules can move at least sidegroups so that 

conformational changes become possible. These may be responsible for the changes in the 

spectrum if two conformers are present of which one changes into the other with rising 

temperature. For spiro-DPSP2 the situation is similar, but here the temperature sensitive 

conformer is not as pronounced as for spiro-DPSP. According to the very long lifetimes the 

phosphorescence is probably of mixed l - aπ and π - π* character with the π - π* as dominant 

component. This is further supported by the weak positive solvatochromism of the triplet 

emission in spiro-DPSP and spiro-DPSP2.  

Weller plotting of polarity dependent fluorescence spectra yields the dipole moments of a 

charge-transfer state, 18 D for spiro-DPSP and 19 D for spiro-DPSP2. Nevertheless, spiro-

DPSP2 exhibits more fluorescence from a local excited state than spiro-DPSP. This shows in 
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the polarity dependent fluorescence spectra (Fig. 6.16 and Fig. 6.18); the emission maximum 

of spiro-DPSP2 shifts only by 83 nm going from cyclohexane to acetone as solvent whereas 

that of spiro-DPSP shifts by 95 nm. This is due to an overlap of the CT band with the local 

fluorescence for spiro-DPSP2. 

 

 
Scheme 6.2: Simplified energy state diagram of spiro-DPSP and spiro-DPSP2 in a polar 
solvent. Only one of the equilibrating ground states is shown in the diagram.   

 
Nevertheless, the fluorescence lifetimes of spiro-DPSP2 (maximal 39.3 ns) are longer than 

that of spiro-DPSP (maximal 32.5 ns), indicating an more stabilised CT state with smaller 

transition probability to the ground state than for spiro-DPSP. This seemingly contradicting 

behaviour can be explained by the structural differences of spiro-DPSP and spiro-DPSP2: the 

sexiphenyl chromophore in spiro-DPSP2 is spiro-linked to two additional fluorene moieties 

that stiffen the sexiphenyl group and enhance the conjugation between the phenyl rings. This 

less flexible π-system improves the quantum yield of local fluorescence of the sexiphenyl 

moiety and also enhances the stabilisation of a negative charge in the excited charge-transfer 

state.  

In the absorption spectra no charge-transfer absorption peak can be found, so the charge-

transfer states have to be reached via the local excited state as indicated in Scheme 6.2. The 

rate of electron transfer has been found to be 1 - 3·1012 s-1 for spiro-DPSP, depending on the 

solvent. Although the rate of fluorescence from the local excited state (about kle = 109 s-1) 

cannot compete with electron transfer, fluorescence from S1 is observed, so there is probably 

an equilibrium between the local excited state and one of the CT states. The rate for direct 

ISC to the local triplet state is even slower (kISC = 28·107 s−1 for diphenylamine at 77 K, [52]). 

Therefore it is quite unprobable that the local triplet is reached directly from S1. A different 

mechanism, radical pair intersystem crossing (RP-ISC) is more probable. It is an ISC between 

singlet and triplet CT states induced by electron-nuclear hyperfine coupling that has been 
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described before for other charge-transfer compounds [110-111]. From the triplet CT charge 

recombination leads to the local triplet state without changing multiplicity.  

 

A comparison of the charge-transfer compounds spiro-DPO and spiro-MeO-DPO with the 

derivatives spiro-DPSP and spiro-DPSP2 yields many similarities, but also certain differences:  

the donor in all compounds is the TAD (diphenylamino) moiety except for spiro-MeO-DPO 

where the donor character has been enhanced by substitution of electron-pushing methoxy 

groups. The acceptor groups are PBD (oxadiazole) in spiro-DPO and spiro-MeO-DPO (see 

Scheme 5.1) and oligophenyls in spiro-DPSP and spiro-DPSP2 (see Scheme 6.1). In spiro-

DPSP2 the acceptor moiety is stiffened by spiro-linked fluorene moieties.  

All compounds exhibit charge-transfer emission and emission from a local excited state. 

However, there are different degrees in the tendency to charge-transfer. Spiro-DPSP and 

spiro-DPSP2 display both kinds of emission independent of the surrounding solvent, only the 

intensity distribution changes. This is due to the very small energy differences of the 

corresponding frontier orbitals in the donor and the acceptor moieties in spiro-DPSP and 

spiro-DPSP2. The difference in HOMO energy amounts only 0.1 eV for spiro-DPSP, the same 

holds for the difference in LUMO energy for spiro-DPSP2. The corresponding dipole 

moments of the CT state amount 18-19 D for both molecules. 

Spiro-DPO and spiro-MeO-DPO display merely little local fluorescence, for spiro-MeO-DPO 

it is generally only detectable by means of an intensified CCD camera, for spiro-DPO it can 

be observed with steady state methods in unpolar solvents. This corresponds to the HOMO 

und LUMO levels of these molecules, in spiro-DPO the corresponding frontier orbitals of the 

acceptor lie 0.2 eV lower than those of the donor, in spiro-MeO-DPO the difference amounts 

even 0.4 eV. The excited state dipole moments are larger than for the derivatives with 

oligophenyl acceptors, they lie at about 20 D for both compounds.  

This trend also manifests in the fluorescence quantum yields that are highest for spiro-DPSP 

and spiro-DPSP2 (maximal 14%) and become lower for spiro-DPO (maximal 5%) and spiro-

MeO-DPO (maximal 2%). The stronger the tendency to charge-transfer the smaller is the 

quantum yield. First, this is a general tendency because the greater the dipole moment of the 

CT state the more the conformation of the molecule becomes distorted. This weakens the 

overlap of excited state and ground state orbitals and thus the Franck-Condon factors for 

emission. Second, in the case of the investigated compounds a RP-ISC [108] from the singlet 

CT state to the local triplet state of the TAD moiety seems probable. So a intensified tendency 
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to charge-transfer also enhances quenching of the CT emission by the triplet state that decays 

radiationlessly at room temperature (unobservable in steady state measurements).  

The phosphorescence spectra show another difference between both groups of spiro-

compounds. While the phosphorescence of spiro-DPO and spiro-MeO-DPO shows negative 

solvatochromism and moderate sensitivity to increasing temperature, the triplet emission of 

spiro-DPSP and spiro-DPSP2 exhibits positive solvatochromism and strong shifts upon 

increasing temperature. Therefore the local triplet states of each group should hold differing 

electronical properties. The negative solvatochromism in the first group points to a larger 

proportion of l-aπ character in this mixed π - π* and l - aπ transition than for spiro-DPSP and 

spiro-DPSP2 where the π - π* proportion probably outweighs. The pronounced bathochromic 

shifting upon increasing temperature in these compounds points to the existence of two 

conformers in the triplet state.  

Compared to the non-charge-transfer compounds spiro-TAD, spiro-PBD and spiro-6pp with 

short fluorescence lifetimes of about 1 ns their charge-transfer derivatives have generally 

increased lifetimes of up to 53 ns. The emission spectra of the CT compounds show strong 

bathochromic shifts compared with the evenly substituted spirobifluorenes. However, the 

quantum yields are rapidly reduced in the donor-acceptor substituted spirobifluorenes from 

values of 38-95% to minimal 2% for the reasons mentioned above (reduced Franck-Condon 

factors and RP-ISC).  
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7 Summary 
Spirobifluorene-based electron and hole conducting materials have been used for some time 

in organic optoelectronics [8, 112]. Three of these materials, the hole conductor spiro-TAD, 

the electron conductor spiro-PBD and the emitter spiro-6pp have been chosen to create new 

materials that combine the donor moieties of the hole conductor and the acceptor moieties of 

the electron conductor or the emitter [15, 75].  

The asymmetric top-down substitution pattern leads to spiro-DPSP with the diphenylamino 

(TAD) donor moiety in one molecular half and the sexiphenyl (6pp) moiety in the other. In 

spiro-DPSP2 the sexiphenyl moiety is substituted by two spirobifluorenyl moieties.  

Spiro-DPO involves the TAD donor moiety and the oxadiazole (PBD) acceptor group. In 

spiro-MeO-DPO the donor character of the TAD moiety has been enhanced by electron 

donating methoxy groups.  

The above mentioned materials represent donor-acceptor substituted spirobifluorenes with 

lower HOMO levels for the acceptor than for the donor moiety as electrochemical 

measurements show. So if the acceptor is excited and has lower HOMO energy than the 

donor, charge-transfer between the moieties seems plausible, especially for spiro-DPO and 

spiro-MeO-DPO.  

The donor and acceptor moieties are separated by the sp3 hybridised carbon atom of the spiro 

centre. So interaction between the π-systems of donor and acceptor should not be possible in 

the electronical and vibrational ground state, but only by vibrational coupling or in the excited 

state. But this holds only for an angle of 90° between donor and acceptor moiety which is 

neither the case for spiro-TAD nor for spiro-DPO and spiro-DPSP2.  

To determine their photophysical characteristics, the evenly substituted spirobifluorenes as 

well as the CT compounds have been subjected to diverse analytical methods: temperature 

dependent absorption spectra show a planarisation of all compounds at low temperature and 

exhibit that for all derivatives except of spiro-6pp exist several ground state conformers in 

temperature dependent equilibrium. Polarity dependent absorption spectroscopy shows 

negative solvatochromism for spiro-TAD and the CT compounds which indicates that the 

ground state is more polar than the local excited state. The corresponding band belongs to the 

TAD / MeO-TAD moiety and is interpreted as mixed π - π* and l - aπ transition in which the 

π - π*  component is favoured at low temperature due to the more planar conformation of the 

molecules.  
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Upon photoexcitation the CT compounds reach a local excited state, then the molecules 

further transfer to a CT state. The CT state is not reached via direct photoexcitation, as shown 

by absorption spectra. Rapid electron transfer rate constants in the range of 1012 s-1 for spiro-

DPO, spiro-MeO-DPO and spiro-DPSP have been determined by photoinduced absorption 

spectroscopy. Electron transfer should be an equilibrium process, otherwise fluorescence from 

the local excited state (kle ≈ 109 s-1) could not have been observed. Intersystem crossing to the 

local triplet state with a rate constant of kisc ≈ 107 s-1 [52] is not favoured.  

Temperature dependent measurements of the luminescence reveal the strong influence of 

conformational relaxation on the emission behaviour of substituted spirobifluorenes. The 

molecules are existent in two conformationally differing CT states as is indicated by 

isoemissive points in temperature dependent steady state fluorescence spectra. Probably these 

CT states are in equilibrium. Different from the short lifetimes (~1 ns) of the evenly 

substituted spirobifluorenes, the fluorescence decays of the CT derivatives are 

multiexponential and show lifetimes up to 53 ns.  

Additionally, intense phosphorescence of all compounds containing the TAD moiety is 

observed which is assigned to mixed π - π* and l - aπ phosphorescence. The l - aπ transition 

enhances the spin-orbit coupling (SOC) so that phosphorescence can even be monitored at 

room temperature. Phosphorescence lifetimes of up to 1900 ms for spiro-TAD have been 

observed at 77 K. For spiro-TAD, spiro-DPO and spiro-MeO-DPO the l - aπ proportion is 

higher than for spiro-DPSP and spiro-DPSP2 because they show negative solvatochromism in 

contrast to the latter derivatives. The differing temperature sensitivity of the vibronics in the 

phosphorescence spectra of spiro-DPSP and spiro-DPSP2 is interpreted as interplay of 

equilibrating conformeres.  

The local triplet state of the TAD moiety is presumably reached via the triplet CT state by 

radical pair intersystem crossing which is an equilibrium process. This becomes evident 

especially in the case of spiro-MeO-DPO. At about 115 K the CT state is of same energy as 

the triplet state and quenches the phosphorescence.  

The fluorescence quantum yields of the evenly substituted spirobifluorenes are in a range of 

38-95% whereas they decrease for the oligophenyl-substituted CT compounds to maximal 

14% and for the oxadiazole-substituted derivatives to maximal 5%. So the greater the 

tendency to charge-transfer the lower is the quantum yield, caused by quenching of the CT 

states by the local triplet and subsequent radiationless decay.  
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Altogether, the combination of donor and acceptor groups that are separated by a sp3 

hybridised spiro carbon yielded derivatives that show charge-transfer emission. As substituted 

spirobifluorenes they exhibit high glass transition temperatures [16] and can be sublimated 

except for spiro-MeO-DPO.   

The ability of these compounds to perform light induced charge-separation has permitted to 

built phototransistors from spiro-DPSP [18], spiro-DPSP2 [19] and spiro-DPO [20]. Spiro-

DPO has been used to build solar cells [21]. 

The fast charge-separation times of just a few hundred femtoseconds and the long lifetimes of 

the charge-transfer state as well as the high absorption coefficients fulfil the requirements for 

use in an organic solar cell. In principle, solar cells need to absorb as much of the visible and 

infrared (IR) spectrum as possible. So the high absorption coefficients of the investigated 

compounds are advantageous.  

For further improvement the molecules, especially the acceptor moiety, should exhibit 

stronger absorption in the green and red area of the visible light and in the IR.  

The donor moiety should exhibit little tendency to intersystem-crossing because this 

represents a channel to depopulate the charge-transfer state. This is the case if the triplet state 

lies lower than the CT.  
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9 Appendix 

9.1 Experimental 

9.1.1 Sample Preparation 

Spiro-TAD [16], spiro-PBD [16], spiro-6pp [75], spiro-DPSP, spiro-DPSP2, spiro-DPO and 

spiro-MeO-DPO were synthesised and purified as described elsewhere [15]. Spiro-TAD, 

spiro-DPSP2, and spiro-DPO have additionally been purified by sublimation.  

As solvents cyclohexane (Merck KGaA, ≥99%), methyl-cyclohexane (Fluka, ≥98%), decalin 

(Fluka, ≥98%), toluene (Merck KGaA, ≥99,9%), 2-methyl-tetrahydrofuran (Fluka, ≥97%, 

stabilised), 2-butanone (Sigma-Aldrich, ≥99,7%), acetone (Fluka, ≥99,7%), ethanol (Merck 

KGaA, ≥99,9%), and dichloromethane (Merck KGaA, ≥99,9%) were used. 2-methyl-

tetrahydrofuran (methyl-THF) was refluxed over potassium hydroxide to remove stabilisers 

and distilled over sodium to avoid water and peroxide contamination. Decalin was destilled, 

all other solvents were used as received. Concentrations of the investigated molecules were 

always well beneath 10−5M. 

The samples were degassed by three freeze-pump-thaw cycles in a home-made cuvette 

(Scheme 9.1), meaning the cuvette with the solution was turned upside down and connected 

to a vacuum pump via the cover. Then the solution in the glass tube was frozen in a liquid 

nitrogen bath. After complete freezing of the sample the stop cock (Schott produran 6) was 

opened to vacuum for approximately five minutes to remove all air from the cuvette. 

Afterwards the stop cock was closed, and the sample was thawn. Gas that had been in the 

sample solution escaped into the evacuated cuvette space. Now this whole procedure was 

repeated three times to remove all oxygen from the sample solution.  

For all measurements samples have been degassed in this way, apart from measurements of 

the absorption coefficient and photoinduced absorption measurements.  

Thereby it can be observed that 2-methyl-tetrahydrofurane builds clear, proper glasses when 

frozen, whereas the methyl-cyclohexane glass often shows cracks and areas that have a milky 

appearance. 
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Scheme 9.1: Degassable quartz cuvette. 

 

9.1.2 Absorption Spectroscopy 

Absorption spectra were recorded using Lambda 19 and Lambda 900 UV/VIS/NIR 

spectrometers (PerkinElmer). The data were recorded by the UV-Winlab software  version 3.0 

(PerkinElmer). Slitwidths of 1 nm were used. For low temperature measurements samples 

were placed in an OptistatDN (Oxford Instruments) or a VNF-100 (Janis Research Co.) 

cryostat.  

9.1.3 Luminescence Spectroscopy 

Steady state luminescence measurements were performed using a F-4500 (Hitachi) and a 

Fluorolog spectrometer (Jobin Yvon) and recorded by the software of the manufacturers, 

respectively. All measurements were corrected for the excitation light profile and the spectral 

sensitivity of the photomultiplier.  

For room temperature measurements slitwidths of 2.5 nm were use for the excitation and the 

emission light path. The photomultiplier voltage was 700 V, the response time was switched 

to automatic, and the recording speed was 240 nm/min.  

For low temperature measurements samples were placed in an OptistatDN (Oxford 

Instruments) or a VNF-100 (Janis Research Co.) cryostat. Slitwidths of 10 nm for the 

excitation light and 20 nm for emission pathway had to be used. The photomultiplier voltage 

was 950 V, the response time 8 s and the recording speed 60 nm/min.  
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9.1.4 Measurement of Relative Quantum Yields 

For determination of the relative fluorescence quantum yield absorption and fluorescence 

spectra were recorded in degassed quartz cuvettes with 1 cm pathlength using a Lambda 900 

UV-Vis spectrophotometer (PerkinElmer) and a F-4500 fluorescence spectrophotometer 

(Hitachi), respectively. All samples were degassed by three freeze-pump-thaw cycles and 

prepared at concentrations well beneath 10-5 M, for at low concentrations the dye molecules 

are not influenced by each other and thus exhibit a linear behaviour concerning absorption 

and emission of light. 

The determination of the relative quantum yield is generally accomplished by dividing the 

integrated fluorescence intensity Isample by the absorbance Asample at the excitation wavelength. 

Then this “individual” quantum yield has to be compared to a standard material whose 

“individual” quantum yield (Ist / Ast) is measured on the same instruments and at the same 

conditions as the sample. The “individual” quantum yield of the standard material then has to 

be related to its quantum yield in literature.  

In this work a solution of quinine sulfate in 1.0 N sulfuric acid (φst = 0.546 with λex = 365 nm) 

was chosen [113-114] because of its stability and its minor tendency to self-absorption 

effects. To correct the measurement for the use of different solvents for sample and standard 

the refractive indices of the solvents have to be included in the formula for the relative 

quantum yield (Eq. 8.1): 

 
2

2
sample sample st

st
st sample st

n I A
n A I

φ φ= ⋅ ⋅ ⋅           Eq. 8.1 

 

9.1.5 Fluorescence Lifetime Measurements 

Scheme 9.2 shows the setup for fluorescence lifetime measurement used in this work: The 

sample is excited by a diode laser at 375 nm. The laser driver (PDL 800-B from PicoQuant) 

triggers the laser to pulse with the desired excitation frequency (available are 2.3, 5, 10, 20, 

and 40 MHz) and transmits a synchronisation signal (the start signal) to the TCSPC 

electronics of the TimeHarp200 PC board (please note that in Scheme 9.2 start and stop are 

reversed as will be explained later on).  

Before the laser pulse is focussed on the sample it passes through a pinhole and is attenuated 

by a neutral density filter if necessary. The sample solution resides in a square quartz cuvette 

with 1 cm edge length. The fluorescence is detected at an angle of 90°. It is collected by a 
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manually adjustable lens system and passes through an adjustable iris to control the light 

intensity that reaches the detector. The detector is a photomultiplier (PMA 182 from 

PicoQuant) that can even register single photons. The single photon events are amplified and 

sent to the TCSPC electronics of the TimeHarp200 PC board as a stop signal.  

 

 

Scheme 9.2: Composition of the FluoTime 100 setup used in this work. 

 

In general, TCSPC electronics process the start signal from the excitation source and the stop 

signal from the photomultiplier (PMT). As outlined in section 2.7.1 many start-stop cycles are 

collected to reconstruct a histogram of the decay curve (Fig. 9.1). For each detected photon 

event the time between start and stop is measured. The time axis (the abscissa) of the 

histogram is digitised into channels with certain width in which the photons with the 

corresponding start-to-stop time are counted. The number of counts is outlined on the ordinate 

to produce the histogram of time-dependent fluorescence intensity.  

As explained in section 2.7.1 the intrumentation is usually adjusted in a way that only 1-4% of 

the excitation pulses (in this work only 1%) cause the detection of a photon. Of course this 

means that there are many excitation cycles without a detected photon. But still the time 

measurement circuit is started by the start signal from the excitation source. So many 

measurements are started that never complete. Typical conversion times are in the range of 

0.3-2 μs, so excitation frequencies that are higher than 0.5-3 MHz overtake the time 

measurement circuit.  
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Fig. 9.1: Measured decay curve, excitation pulse and fit of the decay curve of spiro-6pp in 
cyclohexane.  

 
To be able to use fast excitation frequencies and to avoid uncompleted time measurement 

cycles start and stop signals are reversed. In this reverse start-stop arrangement the 

photomultiplier gives the start signal to ensure that a time measurement is only started if a 

photon is detected. So a measurement cycle is startet by a photon event and completed by the 

excitation pulse of the next excitation cycle. Nevertheless, the lifetime can be extracted from 

these data because the excitation pulses are periodical and the times measured by the reverse 

start-stop method are related to those in “normal” configuration of start and stop. The 

Fluotime100 setup works according to the reverse start-stop method. 

 

The excitation frequency should be adjusted to a value that leaves a time window of about ten 

times the lifetime of the fluorophor in between the pulses. As excitation frequencies 40 MHz 

(25 ns time frame), 5 MHz (200 ns time frame) and 2.5 MHz (400 ns time frame) were 

chosen. The channel widths (resolutions) were 35 ps, 70 ps and 140 ps and the full widths at 

half maximum (FWHM) of the impulse response functions were 0.35 ns, 0.42 ns and 0.55 ns, 

respectively.  

A limit of 1% photon counts (with respect to the excitation frequency) has not been exceeded. 

All decays were measured with 30,000 counts in the peak channel. For each sample 

fluorescence decays were measured at various wavelengths and fitted globally by means of 

the FluoFit 4.2.1 sofware (PicoQuant). The FluoFit 4.2.1 sofware works using an initial guess 

(via automatic Monte Carlo search or manual input) and the Marquardt-Levenberg algorithm 

for fitting the measured decays.  
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9.1.6 Gated Luminescence Spectroscopy and Phosphorescence Lifetimes  

Gated luminescence measurements were performed at Durham university using a system 

consisting of an excitation source, the third harmonic of a pulsed Nd:YAG (yttrium 

aluminium garnet) laser emitting at 355 nm (SL 312 from Ekspla, pulse width 120 ps, 

repetition rate 1-10 Hz). Samples were excited at 90 degree angle to the detector. The energy 

of each pulse could be tuned from µJ up to mJ and was adjusted to 40-90 μJ. The diameter of 

the beam falling on the sample was about 1 cm. With the help of a spectrograph (TRIAX from 

JobinYvonHoriba) luminescence was collected onto a gated intensified charge coupled device 

(CCD) camera (4 PICOS from Stanford Computer Optics) with sub nanosecond resolution. 

Gating means that there is a tunable time delay that slows the start of detection, and also the 

duration of detection (the gate width or integration time) can be adjusted.  

The spectra were corrected for spectral characteristics of the iCCD camera by calibration with 

a LLS-1-CAL-220 Calibration Halogen Lamp from Ocean Optics. For low temperature 

measurements samples were placed in a VNF-100 (Janis Research Co.) cryostat.  

The setup for gated luminescence measurements was arranged by Vygintas Jankus. 

 

The measurements in this work have mostly been carried out with an integration time of 

10 ms. However, for the measurement of decays of delayed fluorescence and 

phosphorescence, differing gate widths have been used to cover the relevant length of time. 

This can happen in two different ways:  

First, the relevant length of time can be divided into equal parts that correspond to the gate 

width gw of the measurement. So measurements are performed at successive delays d0, d+gw, 

d+2gw and so on. The according spectra are integrated, and the natural logarithm of the 

integral is plotted versus the cumulated gate width. The resulting decay curve is fitted linearly 

to yield the phosphorescence lifetime from the slope of the fit. 

Second, if the relevant signal decreases very much, gate widths are chosen that dynamically 

increase with the delay time. In this case an exponential rise of the gate width that appears as 

equal spacing on a logarithmical time scale is appropriate [115]. Again the integrated spectra 

are plotted versus the cumulated gate widths. The resulting decay curve is fitted to the sum of 

exponentials as for the fluorescence lifetime measurements to yield the lifetimes of delayed 

fluorescence and phosphorescence. 
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9.1.7 Photoinduced Absorption Measurements 

 
 

Scheme 9.3: Femtosecond transient absorption apparatus, as used to measure the rise times 
of the charge-transfer state (drawing modified according to [116]).  

 
Room temperature photoinduced absorption measurements have been carried out with a pump 

probe setup as shown in Scheme 9.3. A Mira 900-F Ti:sapphire oscillator (Coherent) pumped 

by a Verdi V-5 diode laser (Coherent) with the wavelength 532 nm (frequency-doubled 

Nd:Vanadate, 5 Watts) was needed. The beam was amplified by a RegA 9000 Ti:sapphire 

femtosecond laser amplifier (Coherent) with help of a Verdi V-10 diode laser (Coherent, 

frequency-doubled Nd:Vanadate, 10 Watts). The laser amplifier provided pulses of about 

180 fs width with a frequency of 100 kHz and a wavelength of 780 nm. In the OPA-9000 

optical parametric amplifier (Coherent) the pulses were frequency-doubled by a beta-barium 

borate (BBO) crystal to yield the pump beam of 390 nm. For the probe beam the idler was 

used (1100 nm). The pump beam was chopped to a frequency of about 1 kHz and directed to a 

IMS-600 delay stage (Newport) to adjust the time delay with regard to the probe beam. Then 

both beams were loosely focussed on the same spot of the sample (a solution was placed in a 

1 mm quartz cuvette). The transmission of the sample in the excited and in the ground state 

was detected with a silicon photodiod by means of standard lock-in techniques.  

The setup was arranged and adjusted by Simon King. 

9.1.8 X-Ray Crystal Structure Analysis 

X-ray crystallographic data collection was performed using a IPDS II diffractometer (Stoe & 

Cie) with a europium doped BaFCl area detector and graphite-monochromatised molybdenum 

Kα radiation (λ = 0.71069 Å). The datasets were corrected for Lorentz and polarisation 

effects. A numerical absorption correction was applied. The software SHELXS-97 [117] 
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(University of Göttingen) was used for structure solution by direct methods. Refinement was 

carried out using SHELXS-97 by full-matrix least-squares against the structure factor F2. All 

non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included to the 

model at calculated positions according to the riding model. SHELXS-97 was used to 

calculate the surface normals of planes spanned by selected atoms and the angles between 

these surface normals. Graphics were generated with the software ORTEP-win [118] 

(University of Glasgow).  

9.2 Solvent polarities 

 

Table 9.1: Dielectric constants and refractive indices of the solvents used in this work. 
Dielectric constants have been measured at 25°C. The refractive index was measured at the 
D-line of sodium (16969 cm-1) at 20°C. Differing temperatures are given in parentheses. All 
data have been extracted from reference [119], except of the dielectric constant [120] and 
the refractive index [121] of 2-methyl-THF.  

 

solvent 
dielectric constant 

εr 

refractive index 
20
Dn  

cyclohexane 2.02 (20°C) 1.4262 
cis-decalin 2.20 (20°C) 1.4810 
toluene 2.38 1.4969 
2-methyl-THF 7.53 1.4033 (25°C) 
dichloromethane 8.93 1.4242 
2-butanone 18.51 (20°C) 1.3788 
acetone 20.56 1.3587 
ethanol 24.55 1.3614 
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9.3 Absorption Maxima and Coefficients 

 

Fig. 9.2: Absorption coefficients of spiro-TAD in solvents of different polarity. Spectral values 
of the peaks and corresponding absorption coefficients can be found in Table 9.2 

 

 

Table 9.2: Peak values and corresponding absorption coefficients of spiro-TAD in solvents of 
differing polarity at room temperature.  

 
 

solvent 
peak 1 

[nm] 

ε (p. 1) 

[M-1cm-1] 

peak 2 

[nm] 

ε (p. 2) 

[M-1cm-1] 

cyclohexane 379.5 75642 307.0 53171 

me-cyclohex. 380.0 86823 307.5 61079 

cis-decalin 381.5 83060 308.0 59978 

toluene 380.5 72649 309.5 52300 

2-me.-THF 378.5 80435 308.0 57437 

2-butanone 378.0 77451 - - 

acetone 377.5 83391 - - 
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Fig. 9.3: Absorption coefficients of spiro-PBD in solvents of different polarity. Spectral 
values of the peaks and corresponding absorption coefficients can be found in Table 9.3. 

 

 

Table 9.3: Peak values and corresponding absorption coefficients of spiro-PBD in solvents 
of differing polarity.  

 

 

solvent 
peak 1 

[nm] 

ε (p. 1) 

[M-1cm-1] 

peak 2 

[nm] 

ε (p. 2) 

[M-1cm-1] 

peak 3 

[nm] 

ε (p. 3) 

[M-1cm-1] 

cyclohexane 343.5 54727 328.5 92108 310.5 85529 

me-cyclohex. 343.5 61586 328.5 87103 310.5 81110 

cis-decalin 345.0 56551 330.0 81497 311.5 75780 

toluene 347.0 51326 331.5 72292 313.5 64171 

2-me.-THF 344.0 54576 329.5 77026 311.5 71682 

2-butanone 343.0 53083 329.5 70381 - - 

acetone 342.0 53622 329.0 71472 - - 

ethanol 343.0 60074 329.0 81608 311.5 77064 
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Fig. 9.4: Absorption coefficients of spiro-6pp in solvents of different polarity. Spectral values 
of the peaks and corresponding absorption coefficients can be found in Table 9.4. 

 

 

Table 9.4: Peak value and corresponding absorption coefficient of spiro-6pp in solvents of 
differing polarity.  

 
 

solvent 
peak 1 

[nm] 

ε (peak 1) 

[M-1cm-1] 

cyclohexane 340.5 47741 

methyl-cyclohexane 340.5 67664 

cis-decalin 342.0 54345 

toluene 344.0 65813 

2-methyl-THF 343.0 61331 

2-butanone 343.5 69345 

acetone 342.5 65736 
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Fig. 9.5: Absorption coefficients of spiro-DPO in solvents of different polarity. Spectral 
values of the peaks and corresponding absorption coefficients can be found in Table 9.5. 

 

 

Table 9.5: Peak values and corresponding absorption coefficients of spiro-DPO in solvents 
of differing polarity. The peak values are given in nm, the absorption coefficients in M-1cm-1.  

 

 

solvent peak 1 ε(p. 1) peak 2 ε(p. 2) peak 3 ε(p. 3) peak 4 ε(p. 4) 

cyclohexane 382.5 45322 343.0 47874 327.5 56516 309.0 59310 

me-cyclohex. 381.5 45525 343.0 48293 327.0 56937 309.0 57991 

cis-decalin 383.0 44269 345.0 47085 328.0 56791 309.5 60144 

toluene 383.5 45031 346.0 49768 330.0 57738 311.0 56487 

2-me.-THF 380.0 46259 343.5 52028 328.0 60243 310.0 60745 

2-butanone 377.5 43928 343.5 51731 - - - - 

acetone 376.0 44917 342.5 52896 - - - - 
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Fig. 9.6: Absorption coefficients of spiro-MeO-DPO in solvents of different polarity. Spectral 
values of the peaks and corresponding absorption coefficients can be found in Table 9.6. 

 

 

Table 9.6: Peak values and corresponding absorption coefficients of spiro-MeO-DPO in 
solvents of differing polarity. The peak values are given in nm, the absorption coefficients in 
M-1cm-1.  

 

 

solvent peak 1 ε(p. 1) peak 2 ε(p. 2) peak 3 ε(p. 3) peak 4 ε(p. 4) 

cyclohexane 389.5 34039 345.0 39759 329.0 45896 309.0 50355 

me-cyclohex. 389.0 34135 344.5 40488 328.5 46382 308.5 49791 

cis-decalin 390.5 33344 346.0 39856 330.0 46352 309.0 49727 

toluene 387.0 32209 348.0 41428 331.0 46011 310.0 45544 

2-me-THF 386.0 35321 345.0 44683 329.5 49848 309.5 50956 

2-butanone 381.0 32642 345.0 42713 - - - - 

acetone 376.0 37568 343.5 49876 - - - - 
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Fig. 9.7: Absorption coefficients of spiro-DPSP in solvents of different polarity. Spectral 
values of the peaks and corresponding absorption coefficients can be found in Table 9.7. 

 
 

Table 9.7: Peak values and corresponding absorption coefficients of spiro-DPSP in solvents 
of differing polarity (without Gauss fitting).  

 

 

solvent 
peak 1 

[nm] 

ε (p. 1) 

[M-1cm-1] 

peak 2 

[nm] 

ε (p. 2) 

[M-1cm-1] 

peak 3 

[nm] 

ε (p. 3) 

[M-1cm-1] 

cyclohexane 381.5 27461 339.0 47815 319.0 40983 

me-cyclohex. 381.5 27189 339.0 48059 317.0 40608 

cis-decalin 383.0 27372 340.0 47814 319.0 40361 

toluene 381.5 38460 344.0 70859 318.0 53949 

2-me-THF 377.5 25109 342.0 47276 315.0 36650 

2-butanone 377.0 33219 344.0 65239 - - 

acetone 377.0 33311 343.0 67567 - - 
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Fig. 9.8: Absorption coefficients of spiro-DPSP2 in solvents of different polarity. Spectral 
values of the peaks and corresponding absorption coefficients can be found in Table 9.8. 

 
 

Table 9.8: Peak values and corresponding absorption coefficients of spiro-DPSP2 in solvents 
of differing polarity. With increasing polarity of the solvent the intensity of peak 1 decreases 
to much to determine its location.  

 

 

solvent 
peak 1 

[nm] 

ε (p. 1) 

[M-1cm-1] 

peak 2 

[nm] 

ε (p. 2) 

[M-1cm-1] 

peak 3 

[nm] 

ε (p. 3) 

[M-1cm-1] 

cyclohexane 382.0 39010 348.5 81494 309.5 63086 

me-cyclohex. 385.0 36343 348.5 82476 309.0 62966 

cis-decalin - - 350.0 76768 309.5 60975 

toluene - - 354.0 79608 310.5 55078 

2-me-THF - - 350.5 81654 309.5 54885 

2-butanone - - 352.0 82020 - - 

acetone - - 351.5 85878 - - 

 



APPENDIX
   

 134

9.4 Isosbestic points 

 

Table 9.9: Isosbestic points of spiro-TAD in methyl-THF. 

 
low temperature high temperature 
383.5 nm 77-145 K 303 nm 115-200 K 
374.0 nm 77-170 K   
 

Table 9.10: Isosbestic points of spiro-PBD in methyl-THF.  

 
low temperature high temperature 
349.5 nm 77-100 K 342 nm 170-220 K 
331.5 nm 77-115 K 329 nm 145-200 K 
  325 nm 100-130 K 
  312 nm 145-200 K 
 

Table 9.11: Isosbestic points of spiro-DPSP in methyl-THF. 

 
low temperature high temperature 
329.0 nm 94-145 K 335.5 nm 170-200 K 
 

Table 9.12: Isosbestic points of spiro-DPDP2 in methyl-THF.  

 
low temperature high temperature 
385.5 nm 77-100 K 304.5 nm 115-220 K 
380.5 nm 77-100 K   
 

Table 9.13: Isosbestic points of spiro-DPO in methyl-THF.  

 
low temperature high temperature 
383.0 nm 77-170K 361.5 nm 200-270K 
375.0 nm 77-130K 353.5 nm 200-270K 
360.5 nm 77-130K 343.5 nm 200-270K 
355.5 nm 77-130K 339.0 nm 200-270K 
347.0 nm 77-170K 327.0 nm 200-270K 
341.0 nm 77-145K   
328.5 nm 77-130K   
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Table 9.14: Isosbestic points of spiro-MeO-DPO in methyl-THF.  

 
low temperature high temperature 
365.0 nm 115-170K 344.5 nm 200-248 K 
355.5 nm 77-170K 341 nm 220-270 K 
347.0 nm 115-170K 327 nm 200-270 K 
341.0 nm 100-145K 322.5 nm 220-270 K 
330.0 nm 115-170K   
325.5 nm 115-145K   
 

9.5 Fluorescence Maxima 

Table 9.15: Fluorescence maxima of spiro-TAD in solvents of differing polarity.  

  

solvent 
dielectric 

constant 

maximum 

[nm] 

cyclohexane 2.00 393.0 
cis-decalin 2.20 395.0 
toluene 2.40 398.5 
2-me.-THF 7.53 398.0 
2-butanone 18.50 400.0 
acetone 20.70 401.0 

 

Table 9.16: Fluorescence maxima of spiro-6pp in solvents of differing polarity.  

  

solvent 
dielectric 

constant 

maximum 

[nm] 

cyclohexane 2.00 381.0 
cis-decalin 2.20 384.0 
toluene 2.40 385.5 
2-methyl-THF 7.53 384.5 
2-butanone 18.50 384.0 
acetone 20.70 384.0 
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Table 9.17: Fluorescence maxima of spiro-PBD in solvents of differing polarity.  

  

solvent 
dielectric 

constant 

maximum 

[nm] 

cyclohexane 2.00 370.0 
cis-decalin 2.20 371.5 
toluene 2.40 373.5 
2-me.-THF 7.53 371.5 
2-butanone 18.50 371.5 
acetone 20.70 372.0 

 

Table 9.18: Fluorescence maxima of spiro-DPO in solvents of differing polarity.  

  

solvent 
dielectric 

constant 

maximum 

[nm] 

cyclohexane 2.00 439.0 
cis-decalin 2.20 454.5 
toluene 2.40 487.0 
2-me.-THF 7.53 509.5 
2-butanone 18.50 540.0 
acetone 20.70 554.0 

 

Table 9.19: Fluorescence maxima of spiro-MeO-DPO in solvents of differing polarity.  

  

solvent 
dielectric 

constant 

maximum 

[nm] 

cyclohexane 2.00 481.0 
cis-decalin 2.20 490.5 
toluene 2.40 513.0 
2-me.-THF 7.53 539.0 
2-butanone 18.50 568.0 
acetone 20.70 580.0 
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Table 9.20: Fluorescence maxima of spiro-DPSP in solvents of differing polarity.  

  

solvent 
dielectric 

constant 

maximum 1 

[nm] 

maximum 2 

[nm] 

cyclohexane 2.00 396.0 419.0 
cis-decalin 2.20 397.5 425.5 
toluene 2.40 403.5 466.0 
2-me.-THF 7.53 401.0 486.0 
2-butanone 18.50 406.0 509.5 
acetone 20.70 - 514.0 

 

Table 9.21: Fluorescence maxima of spiro-DPSP2 in solvents of differing polarity.  

  

solvent 
dielectric 

constant 

maximum 1 

[nm] 

maximum 2 

[nm] 

maximum 3 

[nm] 

cyclohexane 2.00 398.0 - 420.0 
cis-decalin 2.20 399.0 - 428.0 
toluene 2.40 398.0 427.0 451.5 
2-me.-THF 7.53 392.0 - 475.0 
2-butanone 18.50 * - 495.5 
acetone 20.70 * - 503.0 

* no specification available because of overlapping Raman peak. 
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9.6 Fluorescence fitting by Gaussians 

9.6.1 Spiro-DPO 

Fig. 9.9: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPO in 
cyclohexane.  

 
 

Fig. 9.10: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPO in 
methyl-cyclohexane. 
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Fig. 9.11: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPO in cis-
decalin. 

 
 

Fig. 9.12: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPO in 
toluene. 
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Fig. 9.13: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPO in 2-
methyl-THF.  

 
 

Fig. 9.14: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPO in 2-
butanone.  
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9.6.2 Spiro-MeO-DPO 

 

Fig. 9.15: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPO in 
acetone.  

 
 

Fig. 9.16: Gauss fitting of the room temperature fluorescence spectrum of spiro-MeO-DPO in 
cyclohexane.  
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Fig. 9.17: Gauss fitting of the room temperature fluorescence spectrum of spiro-MeO-DPO in 
cis-decalin. 

 
 

Fig. 9.18: Gauss fitting of the room temperature fluorescence spectrum of spiro-MeO-DPO in 
toluene. 
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Fig. 9.19: Gauss fitting of the room temperature fluorescence spectrum of spiro-MeO-DPO in 
2-methyl-tetrahydrofurane.  

 
 

Fig. 9.20: Gauss fitting of the room temperature fluorescence spectrum of spiro-MeO-DPO in 
2-butanone.  
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Fig. 9.21: Gauss fitting of the room temperature fluorescence spectrum of spiro-MeO-DPO in 
acetone.  

 
 

9.6.3 Spiro-DPSP and spiro-DPSP2  

 

Fig. 9.22. Room temperature fluorescence of spiro-DPSP and spiro-DPSP2 in comparison.  
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Table 9.22: Fitting pattern for the room temperature fluorescence of spiro-DPSP in various 
solvents. Gaussian 1 and 2 are assigned to local excited state emission, Gaussian 3 and 4 are 
related to charge-transfer emission.  

 

 

solvent Gaussian 1 Gaussian 2 Gaussian 3 Gaussian 4 
cyclohexane X X X  
cis-decalin X X X  
2-methyl-THF X  X X 
2-butanone X  X X 
acetone   X X 

 

Table 9.23: Fitting pattern for the room temperature fluorescence of spiro-DPSP2 in various 
solvents. Gaussian 1 and 2 are assigned to local excited state emission, Gaussian 3 and 4 are 
related to charge-transfer emission.  

 

 

solvent Gaussian 1 Gaussian 2 Gaussian 3 Gaussian 4 
cyclohexane X X X  
cis-decalin X X X  
2-methyl-THF X X X X 
2-butanone X X X X 
acetone  X X X 

 

Fig. 9.23: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPSP in 
cyclohexane.  
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Fig. 9.24: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPSP in cis-
decalin.  

 
 

Fig. 9.25: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPSP in 2-
methyl-tetrahydrofurane.  
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Fig. 9.26: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPSP in 2-
butanone.  

 
 

Fig. 9.27: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPSP in 
acetone.  
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Fig. 9.28: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPSP2 in 
cyclohexane.  

 
 

Fig. 9.29: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPSP2 in cis-
decalin.  
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Fig. 9.30: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPSP2 in 2-
methyl-tetrahydrofurane.  

 
 

Fig. 9.31: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPSP2 in 2-
butanone.  
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Fig. 9.32: Gauss fitting of the room temperature fluorescence spectrum of spiro-DPSP2 in 
acetone.  

 
 

9.7 Electrochemical Data 

The theoretic backgrounds of cyclic voltammetry have been described in [122]. Cyclic 

voltammetry measurements were carried out with a platinum disk working electrode, a 

graphite counter electrode and an Ag/AgCl reference electrode. The solvent was dry in 

tetrahydrofurane with 0.1M Tetra-N-butylammonium-hexafluorophosphate (TBAHFP) as 

conducting salt at room temperature with a scan rate of 50 mV/s. The half wave potentials of 

the first reduction and oxidation Ered
1/2 and Eox

1/2 were referenced versus Fc/Fc+. The optical 

bandgap Eopt was determined by the onset on the absorption spectrum in tetrahydrofurane at 

room temperature.  

From these values and the HOMO ionisation energy of ferrocene (-4.8 eV [123]) the energy 

of the donor HOMO and acceptor LUMO the have been calculated with:  

 

EHOMO = -4.8 eV - Eox
1/2          Eq. 8.2 

 

and  

 

ELUMO = EHOMO + Eopt           Eq. 8.3 

 

Spectroelectrochemical (SPEL) measurements cover the measurement of the optical 

absorption in a cell with varying voltage, thus giving the absorption spectra of the neutral 
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compounds as well as of the charged species can be monitored. SPEL measurements have 

been accomplished in dichloromethane with 0.1M TBAHFP at room temperature. All 

compunds show a characteristic absorption band in the near infrared which is assigned to the 

radical cation of the compounds. 

All measurements have been carried out with the help of Dipl.-Chem. Th. Ebert and Dipl.-

Chem. A. Scheffler.  

 

9.7.1 Spiro-DPO 

 

Table 9.24: Frontier orbital energies of spiro-DPO, determined by cyclic voltammetry and 
absorption spectroscopy.  

 
 

compound 
HOMO 
(TAD) 
[eV] 

LUMO 
(TAD) 
[eV] 

HOMO 
(oxadiazole) 

[eV] 

LUMO 
(oxadiazole) 

[eV] 

optical 
bandgap 

[eV] 

spiro-DPO -5.1 -2.1 -5.3 -2.3 3.0 

 

Fig. 9.33: SPEL measurements of spiro-DPO in dichloromethane. The blue absorption 
spectrum corresponds to the neutral compound, the red one to the radical cation.  
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9.7.2 Spiro-MeO-DPO 

 

Table 9.25: Frontier orbital energies of spiro-MeO-DPO, determined by cyclic voltammetry and 
absorption spectroscopy. 

 
 

compound 
HOMO 

(MeO-TAD) 
[eV] 

LUMO 
(MeO-TAD) 

[eV] 

HOMO 
(oxadiazole) 

[eV] 

LUMO 
(oxadiazole) 

[eV] 

optical 
bandgap 

[eV] 
spiro-MeO-

DPO -4.9 -1.9 -2.3 -5.3 3.0 

 

Fig. 9.34: SPEL measurements of spiro-MeO-DPO in dichloromethane. The blue absorption 
spectrum corresponds to the neutral compound, the red one to the radical cation. 

 

 

 



APPENDIX
   

 153

9.7.3 Spiro-DPSP 

Table 9.26: Frontier orbital energies of spiro-DPSP, determined by cyclic voltammetry and 
absorption spectroscopy. 

 
 

compound 
HOMO 
(TAD) 
[eV] 

LUMO 
(TAD) 
[eV] 

HOMO 
(sexiphenyl) 

[eV] 

LUMO 
(sexiphenyl) 

[eV] 

optical 
bandgap 

[eV] 

spiro-DPSP -5.1 -2.0 -5.2 -2.1 3.1 

 

Fig. 9.35: SPEL measurements of spiro-DPSP in dichloromethane. The blue absorption 
spectrum corresponds to the neutral compound, the red one to the radical cation. 

 

9.7.4 Spiro-DPSP2  

Table 9.27: Frontier orbital energies of spiro-DPSP2, determined by cyclic voltammetry and 
absorption spectroscopy. 

 
 

compound 
HOMO 
(TAD) 
[eV] 

LUMO 
(TAD) 
[eV] 

HOMO 
(oligophenyl) 

[eV] 

LUMO 
(oligophenyl) 

[eV] 

optical 
bandgap 

[eV] 

spiro-DPSP2 -5.1 -2.3 -5.0 -2.2 2.8 

 

SPEL measurements for spiro-DPSP2 have not been carried out so far.  
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9.8 Phosphorescence and Delayed Fluor. Lifetime Fitting Data 

9.8.1 Spiro-TAD 

Fig. 9.36: Linear fit of the phosphorescence decay of spiro-TAD at 77 K.  

 
 

Fig. 9.37: Linear fit of the phosphorescence decay of spiro-TAD at 94 K. 
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Fig. 9.38: Linear fit of the phosphorescence decay of spiro-TAD at 115 K. 

 
 

Fig. 9.39: Linear fit of the phosphorescence decay of spiro-TAD at 145 K. 

 
 

Fig. 9.40: Biexponential fit of the phosphorescence decay of spiro-TAD at 200 K. 
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Fig. 9.41: Linear fit of the phosphorescence decay of spiro-TAD at 293 K. 

 
 

9.8.2 Spiro-DPO 

 

Fig. 9.42: Linear fit of the phosphorescence decay of spiro-DPO at 77 K. 
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Fig. 9.43: Linear fit of the phosphorescence decay of spiro-DPO at 94 K. 

 
 

Fig. 9.44: Linear fit of the phosphorescence decay of spiro-DPO at 115 K. 
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Fig. 9.45: Linear fit of the phosphorescence decay of spiro-DPO at 145 K. 

 
 

Fig. 9.46: Biexponential fit of the phosphorescence decay of spiro-DPO at 200 K. 
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Fig. 9.47: Biexponential fit of the phosphorescence decay of spiro-DPO at 293 K. 

 
 

9.8.3 Spiro-MeO-DPO 

 

Fig. 9.48: Linear fit of the phosphorescence decay of spiro-MeO-DPO at 77 K. 
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Fig. 9.49: Linear fit of the phosphorescence decay of spiro-MeO-DPO at 94 K. 

 
 

Fig. 9.50: Linear fit of the phosphorescence decay of spiro-MeO-DPO at 115 K. 

 
 

Fig. 9.51: Linear fit of the phosphorescence decay of spiro-MeO-DPO at 145 K. 
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Fig. 9.52: Linear fit of the phosphorescence decay of spiro-MeO-DPO at 200 K. 

 
 

Fig. 9.53: Biexponential fit of the phosphorescence decay of spiro-MeO-DPO at 293 K. 
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9.8.4 Spiro-DPSP 

 

Fig. 9.54: Linear fit of the phosphorescence decay of spiro-DPSP at 77 K. 

 
 

Fig. 9.55: Linear fit of the phosphorescence decay of spiro-DPSP at 94 K. 
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Fig. 9.56: Linear fit of the phosphorescence decay of spiro-DPSP at 115 K. 

 
 

Fig. 9.57: Linear fit of the phosphorescence decay of spiro-DPSP at 145 K. 

 
 

Fig. 9.58: Biexponential fit of the phosphorescence decay of spiro-DPSP at 200 K. 
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Fig. 9.59: Biexponential fit of the phosphorescence decay of spiro-DPSP at 293 K. 

 
 

9.8.5 Spiro-DPSP2  

 

Fig. 9.60: Linear fit of the phosphorescence decay of spiro-DPSP2 at 77 K. 
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Fig. 9.61: Linear fit of the phosphorescence decay of spiro-DPSP2 at 94 K. 

 
 

Fig. 9.62: Linear fit of the phosphorescence decay of spiro-DPSP2 at 115 K. 

 
 

Fig. 9.63: Monoexponential fit of the phosphorescence decay of spiro-DPSP2 at 145 K. 
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Fig. 9.64: Biexponential fit of the phosphorescence decay of spiro-DPSP2 at 200 K. 

 
 

Fig. 9.65: Biexponential fit of the phosphorescence decay of spiro-DPSP2 at 293 K. 
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9.9 Crystal Structure Data 

9.9.1 Spiro-TAD (i0446) 

      Table 1.  Crystal data and structure refinement for I0446.  
 
      Identification code                       i0446  
      Empirical formula                       C73 H52 N4  
      Formula weight                           985.19  
      Temperature                                153(±2) K  
      Wavelength                                  0.71073 A  
      Crystal system                             Orthorhombic  
      Space group                                 P b c a  
      Unit cell dimensions            a = 13.5406(±6) A   alpha = 90 deg.  
                b = 14.0259(±8) A    beta = 90 deg.  

           c = 56.403(±3) A   gamma = 90 deg.  
      Volume                                       10712.0(±10) A^3  
      Z                                                  8  
      Density (calculated)                    1.222 g/cm^3  
      Absorption coefficient                0.071 mm^-1  
      F(000)                                         4144  
      Crystal size                                 0.49 x 0.15 x 0.11 mm  
      Theta range for data collection   1.44 to 22.50 deg.  
      Index ranges                               -13<=h<=14, -15<=k<=15, -60<=l<=60  
      Reflections collected                  58219  
      Independent reflections              7000 [R(int) = 0.0730]  
      Reflections observed                  4094  
      Absorption correction                 Integration  
      Max. and min. transmission       0.9921 and 0.9818  
      Refinement method                    Full-matrix least-squares on F^2  
      Data / restraints / parameters      7000 / 0 / 694  
      Goodness-of-fit on F^2               0.736  
      Final R indices [I>2sigma(I)]     R1 = 0.0327, wR2 = 0.0566  
      R indices (all data)                      R1 = 0.0715, wR2 = 0.0618  
      Largest diff. peak and hole         0.176 and -0.153 e.A^-3  
 
 
         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  
         displacement parameters (A^2 x 10^3) for I0446.    U(eq) is defined  
         as one third of the trace of the orthogonalized Uij tensor.  
   
                            x                   y                   z              U(eq)  
          C(1)         3720(1)       1994(1)       1179(1)       27(1)  
          C(2)         4348(1)       1187(1)       1075(1)       27(1)  
          C(3)         4981(2)       1231(1)        883(1)       32(1)  
          C(4)         5408(2)        386(1)        801(1)       32(1)  
          C(5)         5215(2)       -473(1)        915(1)       36(1)  
          C(6)         4597(2)       -506(1)       1111(1)       34(1)  
          C(7)         4155(2)        325(1)       1190(1)       28(1)  
          C(8)         3468(2)        512(1)       1386(1)       30(1)  
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          C(9)         3085(2)        -76(1)       1561(1)       36(1)  
          C(10)        2496(2)        312(2)       1736(1)       40(1)  
          C(11)        2285(2)       1287(2)       1741(1)       37(1)  
          C(12)        2651(2)       1877(1)       1562(1)       35(1)  
          C(13)        3229(2)       1485(1)       1387(1)       28(1)  
          C(14)        2988(2)       2352(1)        994(1)       28(1)  
          C(15)        2248(2)       1844(1)        886(1)       32(1)  
          C(16)        1638(2)       2306(1)        725(1)       31(1)  
          C(17)        1803(2)       3258(1)        667(1)       35(1)  
          C(18)        2567(2)       3769(1)        773(1)       33(1)  
          C(19)        3156(2)       3316(1)        940(1)       28(1)  
          C(20)        3955(2)       3662(1)       1094(1)       28(1)  
          C(21)        4374(2)       4557(1)       1123(1)       35(1)  
          C(22)        5048(2)       4705(1)       1304(1)       37(1)  
          C(23)        5317(2)       3964(1)       1455(1)       33(1)  
 
          C(24)        4932(2)       3053(1)       1419(1)       33(1)  
          C(25)        4259(2)       2914(1)       1240(1)       29(1)  
          C(26)        6872(2)       -209(1)        592(1)       34(1)  
          C(27)        7097(2)       -728(1)        390(1)       46(1)  
          C(28)        7947(2)      -1274(2)        382(1)       59(1)  
          C(29)        8550(2)      -1342(2)        577(1)       62(1)  
          C(30)        8315(2)       -849(2)        780(1)       54(1)  
          C(31)        7485(2)       -278(1)        787(1)       42(1)  
          C(32)        5752(2)        924(1)        391(1)       34(1)  
          C(33)        6468(2)       1253(1)        235(1)       36(1)  
          C(34)        6203(2)       1753(1)         33(1)       42(1)  
          C(35)        5227(2)       1958(2)        -13(1)       48(1)  
          C(36)        4516(2)       1640(2)        143(1)       51(1)  
          C(37)        4766(2)       1120(1)        342(1)       43(1)  
          C(38)        1830(2)       1276(2)       2163(1)       42(1)  
          C(39)        2751(2)       1071(2)       2255(1)       60(1)  
          C(40)        2835(2)        668(2)       2479(1)       78(1)  
          C(41)        2009(3)        486(2)       2611(1)       78(1)  
          C(42)        1102(2)        698(2)       2522(1)       72(1)  
          C(43)        1009(2)       1088(2)       2298(1)       54(1)  
          C(44)        1089(2)       2466(2)       1900(1)       39(1)  
          C(45)        1113(2)       3216(2)       2059(1)       49(1)  
          C(46)         469(2)       3973(2)       2036(1)       58(1)  
          C(47)        -207(2)       3997(2)       1853(1)       58(1)  
          C(48)        -216(2)       3264(2)       1692(1)       53(1)  
          C(49)         420(2)       2500(2)       1715(1)       47(1)  
          C(50)        -109(2)       1893(1)        743(1)       33(1)  
          C(51)        -141(2)       1967(1)        988(1)       35(1)  
          C(52)       -1039(2)       2065(1)       1105(1)       41(1)  
          C(53)       -1912(2)       2097(1)        979(1)       42(1)  
          C(54)       -1879(2)       2023(1)        736(1)       42(1)  
          C(55)        -986(2)       1936(1)        618(1)       39(1)  
          C(56)        1018(2)       1026(1)        472(1)       33(1)  
          C(57)         344(2)        298(1)        429(1)       43(1)  
          C(58)         573(2)       -446(2)        277(1)       52(1)  
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          C(59)        1483(2)       -496(2)        168(1)       50(1)  
          C(60)        2165(2)        212(2)        212(1)       44(1)  
          C(61)        1934(2)        971(1)        359(1)       38(1)  
          C(62)        5677(2)       3784(1)       1879(1)       40(1)  
          C(63)        6399(2)       3538(2)       2041(1)       52(1)  
          C(64)        6132(3)       3214(2)       2263(1)       71(1)  
          C(65)        5156(3)       3130(2)       2325(1)       75(1)  
          C(66)        4442(2)       3370(2)       2164(1)       68(1)  
          C(67)        4694(2)       3698(2)       1941(1)       52(1)  
          C(68)        6657(2)       4881(2)       1639(1)       40(1)  
          C(69)        7408(2)       4864(2)       1471(1)       57(1)  
          C(70)        8072(2)       5631(2)       1460(1)       77(1)  
          C(71)        7968(3)       6387(2)       1615(1)       90(1)  
          C(72)        7236(3)       6394(2)       1778(1)       87(1)  
          C(73)        6588(2)       5644(2)       1790(1)       59(1)  
          N(1)         6030(1)        400(1)           597(1)       35(1)  
          N(2)         1728(1)       1671(1)       1932(1)        46(1)  
          N(3)          810(1)        1807(1)          622(1)       34(1)  
          N(4)         5964(1)       4123(1)        1651(1)       40(1)  
 
 
           Table 3.   Bond lengths [A] and angles [deg] for I0446.  
 
            C(1)-C(25)                       1.521(3)  
            C(1)-C(14)                       1.523(3)  
            C(1)-C(13)                       1.529(3)  
            C(1)-C(2)                        1.531(3)  
            C(2)-C(3)                        1.382(3)  
            C(2)-C(7)                        1.397(2)  
            C(3)-C(4)                        1.399(2)  
            C(3)-H(3A)                       0.9500  
            C(4)-C(5)                        1.393(2)  
            C(4)-N(1)                        1.425(2)  
            C(5)-C(6)                         1.384(3)  
            C(5)-H(5A)                        0.9500  
            C(6)-C(7)                        1.384(2)  
            C(6)-H(6A)                       0.9500  
            C(7)-C(8)                       1.470(3)  
            C(8)-C(9)                        1.387(3)  
            C(8)-C(13)                      1.402(2)  
            C(9)-C(10)                      1.377(3)  
            C(9)-H(9A)                       0.9500  
            C(10)-C(11)                   1.397(3)  
            C(10)-H(10A)                  0.9500  
            C(11)-C(12)                   1.394(3)  
            C(11)-N(2)                    1.420(2)  
            C(12)-C(13)                   1.375(3)  
            C(12)-H(12A)                  0.9500  
            C(14)-C(15)                   1.373(3)  
            C(14)-C(19)                   1.403(2)  
            C(15)-C(16)                   1.388(3)  
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            C(15)-H(15A)                  0.9500  
            C(16)-C(17)                   1.393(2)  
            C(16)-N(3)                    1.443(2)  
            C(17)-C(18)                   1.392(3)  
            C(17)-H(17A)                  0.9500  
            C(18)-C(19)                   1.388(3)  
            C(18)-H(18A)                  0.9500  
            C(19)-C(20)                   1.467(3)  
            C(20)-C(21)                   1.388(2)  
            C(20)-C(25)                   1.396(2)  
            C(21)-C(22)                   1.386(3)  
            C(21)-H(21A)                  0.9500  
            C(22)-C(23)                   1.393(3)  
            C(22)-H(22A)                  0.9500  
            C(23)-C(24)                   1.395(3)  
            C(23)-N(4)                    1.424(2)  
            C(24)-C(25)                   1.377(3)  
            C(24)-H(24A)                  0.9500  
            C(26)-C(31)                   1.384(3)  
            C(26)-C(27)                   1.384(3)  
            C(26)-N(1)                    1.425(2)  
            C(27)-C(28)                   1.383(3)  
            C(27)-H(27A)                  0.9500  
            C(28)-C(29)                   1.374(3)  
            C(28)-H(28A)                  0.9500  
            C(29)-C(30)                   1.373(3)  
            C(29)-H(29A)                  0.9500  
            C(30)-C(31)                   1.381(3)  
            C(30)-H(30A)                  0.9500  
            C(31)-H(31A)                  0.9500  
            C(32)-C(33)                   1.390(3)  
            C(32)-C(37)                   1.391(3)  
            C(32)-N(1)                    1.423(2)  
            C(33)-C(34)                   1.386(3)  
            C(33)-H(33A)                  0.9500  
            C(34)-C(35)                   1.377(3)  
            C(34)-H(34A)                  0.9500  
            C(35)-C(36)                   1.379(3)  
            C(35)-H(35A)                  0.9500  
            C(36)-C(37)                   1.380(3)  
            C(36)-H(36A)                  0.9500  
            C(37)-H(37A)                  0.9500  
            C(38)-C(43)                   1.372(3)  
            C(38)-C(39)                   1.380(3)  
            C(38)-N(2)                    1.426(3)  
            C(39)-C(40)                   1.387(3)  
            C(39)-H(39A)                  0.9500  
            C(40)-C(41)                   1.370(4)  
            C(40)-H(40A)                  0.9500  
            C(41)-C(42)                   1.360(4)  
            C(41)-H(41A)                  0.9500  
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            C(42)-C(43)                   1.384(3)  
            C(42)-H(42A)                  0.9500  
            C(43)-H(43A)                  0.9500  
            C(44)-C(45)                   1.381(3)  
            C(44)-C(49)                   1.383(3)  
            C(44)-N(2)                    1.422(3)  
            C(45)-C(46)                   1.379(3)  
            C(45)-H(45A)                  0.9500  
            C(46)-C(47)                   1.380(3)  
            C(46)-H(46A)                  0.9500  
            C(47)-C(48)                   1.375(3)  
            C(47)-H(47A)                  0.9500  
            C(48)-C(49)                   1.380(3)  
            C(48)-H(48A)                  0.9500  
            C(49)-H(49A)                  0.9500  
            C(50)-C(55)                   1.384(3)  
            C(50)-C(51)                   1.385(3)  
            C(50)-N(3)                    1.426(2)  
            C(51)-C(52)                   1.389(3)  
            C(51)-H(51A)                  0.9500  
            C(52)-C(53)                   1.379(3)  
            C(52)-H(52A)                  0.9500  
            C(53)-C(54)                   1.378(3)  
            C(53)-H(53A)                  0.9500  
            C(54)-C(55)                   1.385(3)  
            C(54)-H(54A)                  0.9500  
            C(55)-H(55A)                  0.9500  
            C(56)-C(57)                   1.391(3)  
            C(56)-C(61)                   1.397(3)  
            C(56)-N(3)                    1.413(2)  
            C(57)-C(58)                   1.386(3)  
            C(57)-H(57A)                  0.9500  
            C(58)-C(59)                   1.379(3)  
            C(58)-H(58A)                  0.9500  
            C(59)-C(60)                   1.378(3)  
            C(59)-H(59A)                  0.9500  
            C(60)-C(61)                   1.384(3)  
            C(60)-H(60A)                  0.9500  
            C(61)-H(61A)                  0.9500  
            C(62)-C(67)                   1.382(3)  
            C(62)-C(63)                   1.384(3)  
            C(62)-N(4)                    1.425(3)  
            C(63)-C(64)                   1.379(3)  
            C(63)-H(63A)                  0.9500  
            C(64)-C(65)                   1.373(4)  
            C(64)-H(64A)                  0.9500  
            C(65)-C(66)                   1.370(4)  
            C(65)-H(65A)                  0.9500  
            C(66)-C(67)                   1.383(3)  
            C(66)-H(66A)                  0.9500  
            C(67)-H(67A)                  0.9500  
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            C(68)-C(73)                   1.373(3)  
            C(68)-C(69)                   1.388(3)  
            C(68)-N(4)                    1.421(3)  
            C(69)-C(70)                   1.404(3)  
            C(69)-H(69A)                  0.9500  
            C(70)-C(71)                   1.384(4)  
            C(70)-H(70A)                  0.9500  
            C(71)-C(72)                   1.351(4)  
            C(71)-H(71A)                  0.9500  
            C(72)-C(73)                   1.371(3)  
            C(72)-H(72A)                  0.9500  
            C(73)-H(73A)                  0.9500  
            C(25)-C(1)-C(14)            100.76(15)  
            C(25)-C(1)-C(13)            115.53(16)  
            C(14)-C(1)-C(13)            113.45(16)  
            C(25)-C(1)-C(2)             116.51(16)  
            C(14)-C(1)-C(2)             110.13(15)  
            C(13)-C(1)-C(2)             100.95(14)  
            C(3)-C(2)-C(7)              121.19(18)  
            C(3)-C(2)-C(1)              127.58(17)  
            C(7)-C(2)-C(1)              111.06(17)  
            C(2)-C(3)-C(4)              118.66(18)  
            C(2)-C(3)-H(3A)             120.7  
            C(4)-C(3)-H(3A)             120.7  
            C(5)-C(4)-C(3)              120.05(18)  
            C(5)-C(4)-N(1)              119.82(18)  
            C(3)-C(4)-N(1)              120.12(17)  
            C(6)-C(5)-C(4)              120.82(19)  
            C(6)-C(5)-H(5A)             119.6  
            C(4)-C(5)-H(5A)             119.6  
            C(7)-C(6)-C(5)              119.36(18)  
            C(7)-C(6)-H(6A)             120.3  
            C(5)-C(6)-H(6A)             120.3  
            C(6)-C(7)-C(2)              119.89(18)  
            C(6)-C(7)-C(8)              131.89(18)  
            C(2)-C(7)-C(8)              108.21(16)  
            C(9)-C(8)-C(13)             119.25(19)  
            C(9)-C(8)-C(7)              131.81(18)  
            C(13)-C(8)-C(7)             108.89(17)  
            C(10)-C(9)-C(8)             119.29(18)  
            C(10)-C(9)-H(9A)            120.4  
            C(8)-C(9)-H(9A)             120.4  
            C(9)-C(10)-C(11)            121.4(2)  
            C(9)-C(10)-H(10A)           119.3  
            C(11)-C(10)-H(10A)          119.3  
            C(12)-C(11)-C(10)           119.45(19)  
            C(12)-C(11)-N(2)            120.75(18)  
            C(10)-C(11)-N(2)            119.77(19)  
            C(13)-C(12)-C(11)           118.95(18)  
            C(13)-C(12)-H(12A)          120.5  
            C(11)-C(12)-H(12A)          120.5  
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            C(12)-C(13)-C(8)            121.59(18)  
            C(12)-C(13)-C(1)            127.87(16)  
            C(8)-C(13)-C(1)             110.51(17)  
            C(15)-C(14)-C(19)           121.45(18)  
            C(15)-C(14)-C(1)            127.40(17)  
            C(19)-C(14)-C(1)            111.14(17)  
            C(14)-C(15)-C(16)           118.87(18)  
            C(14)-C(15)-H(15A)          120.6  
            C(16)-C(15)-H(15A)          120.6  
            C(15)-C(16)-C(17)           120.27(19)  
            C(15)-C(16)-N(3)            119.94(17)  
            C(17)-C(16)-N(3)            119.76(18)  
            C(18)-C(17)-C(16)           120.85(19)  
            C(18)-C(17)-H(17A)          119.6  
            C(16)-C(17)-H(17A)          119.6  
            C(19)-C(18)-C(17)           118.85(18)  
            C(19)-C(18)-H(18A)          120.6  
            C(17)-C(18)-H(18A)          120.6  
            C(18)-C(19)-C(14)           119.66(19)  
            C(18)-C(19)-C(20)           132.23(17)  
            C(14)-C(19)-C(20)           108.04(17)  
            C(21)-C(20)-C(25)           119.17(19)  
            C(21)-C(20)-C(19)           132.19(18)  
            C(25)-C(20)-C(19)           108.50(16)  
            C(22)-C(21)-C(20)           119.66(19)  
            C(22)-C(21)-H(21A)          120.2  
            C(20)-C(21)-H(21A)          120.2  
            C(21)-C(22)-C(23)           120.70(19)  
            C(21)-C(22)-H(22A)          119.7  
            C(23)-C(22)-H(22A)          119.7  
            C(22)-C(23)-C(24)           119.83(19)  
            C(22)-C(23)-N(4)            121.12(18)  
            C(24)-C(23)-N(4)            119.04(18)  
            C(25)-C(24)-C(23)           118.96(18)  
            C(25)-C(24)-H(24A)          120.5  
            C(23)-C(24)-H(24A)          120.5  
            C(24)-C(25)-C(20)           121.57(18)  
            C(24)-C(25)-C(1)            127.15(18)  
            C(20)-C(25)-C(1)            111.22(17)  
            C(31)-C(26)-C(27)           119.2(2)  
            C(31)-C(26)-N(1)            120.30(19)  
            C(27)-C(26)-N(1)            120.5(2)  
            C(28)-C(27)-C(26)           120.0(2)  
            C(28)-C(27)-H(27A)          120.0  
            C(26)-C(27)-H(27A)          120.0  
            C(29)-C(28)-C(27)           120.5(2)  
            C(29)-C(28)-H(28A)          119.8  
            C(27)-C(28)-H(28A)          119.8  
            C(30)-C(29)-C(28)           119.6(2)  
            C(30)-C(29)-H(29A)          120.2  
            C(28)-C(29)-H(29A)          120.2  
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            C(29)-C(30)-C(31)           120.4(2)  
            C(29)-C(30)-H(30A)          119.8  
            C(31)-C(30)-H(30A)          119.8  
            C(30)-C(31)-C(26)           120.3(2)  
            C(30)-C(31)-H(31A)          119.9  
            C(26)-C(31)-H(31A)          119.9  
            C(33)-C(32)-C(37)           118.47(19)  
            C(33)-C(32)-N(1)            120.2(2)  
            C(37)-C(32)-N(1)            121.32(19)  
            C(34)-C(33)-C(32)           120.6(2)  
            C(34)-C(33)-H(33A)          119.7  
            C(32)-C(33)-H(33A)          119.7  
            C(35)-C(34)-C(33)           120.7(2)  
            C(35)-C(34)-H(34A)          119.6  
            C(33)-C(34)-H(34A)          119.6  
            C(34)-C(35)-C(36)           118.8(2)  
            C(34)-C(35)-H(35A)          120.6  
            C(36)-C(35)-H(35A)          120.6  
            C(35)-C(36)-C(37)           121.2(2)  
            C(35)-C(36)-H(36A)          119.4  
            C(37)-C(36)-H(36A)          119.4  
            C(36)-C(37)-C(32)           120.2(2)  
            C(36)-C(37)-H(37A)          119.9  
            C(32)-C(37)-H(37A)          119.9  
            C(43)-C(38)-C(39)           119.0(2)  
            C(43)-C(38)-N(2)            120.2(2)  
            C(39)-C(38)-N(2)            120.8(2)  
            C(38)-C(39)-C(40)           120.0(3)  
            C(38)-C(39)-H(39A)          120.0  
            C(40)-C(39)-H(39A)          120.0  
            C(41)-C(40)-C(39)           120.4(3)  
            C(41)-C(40)-H(40A)          119.8  
            C(39)-C(40)-H(40A)          119.8  
            C(42)-C(41)-C(40)           119.6(3)  
            C(42)-C(41)-H(41A)          120.2  
            C(40)-C(41)-H(41A)          120.2  
            C(41)-C(42)-C(43)           120.5(3)  
            C(41)-C(42)-H(42A)          119.7  
            C(43)-C(42)-H(42A)          119.7  
            C(38)-C(43)-C(42)           120.5(3)  
            C(38)-C(43)-H(43A)          119.8  
            C(42)-C(43)-H(43A)          119.8  
            C(45)-C(44)-C(49)           118.5(2)  
            C(45)-C(44)-N(2)            120.1(2)  
            C(49)-C(44)-N(2)            121.4(2)  
            C(46)-C(45)-C(44)           120.8(2)  
            C(46)-C(45)-H(45A)          119.6  
            C(44)-C(45)-H(45A)          119.6  
            C(45)-C(46)-C(47)           120.5(2)  
            C(45)-C(46)-H(46A)          119.8  
            C(47)-C(46)-H(46A)          119.8  
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            C(48)-C(47)-C(46)           118.9(2)  
            C(48)-C(47)-H(47A)          120.6  
            C(46)-C(47)-H(47A)          120.6  
            C(47)-C(48)-C(49)           120.8(2)  
            C(47)-C(48)-H(48A)          119.6  
            C(49)-C(48)-H(48A)          119.6  
            C(48)-C(49)-C(44)           120.5(2)  
            C(48)-C(49)-H(49A)          119.7  
            C(44)-C(49)-H(49A)          119.7  
            C(55)-C(50)-C(51)           118.7(2)  
            C(55)-C(50)-N(3)            120.45(18)  
            C(51)-C(50)-N(3)            120.81(19)  
            C(50)-C(51)-C(52)           120.4(2)  
            C(50)-C(51)-H(51A)          119.8  
            C(52)-C(51)-H(51A)          119.8  
            C(53)-C(52)-C(51)           120.7(2)  
            C(53)-C(52)-H(52A)          119.7  
            C(51)-C(52)-H(52A)          119.7  
            C(54)-C(53)-C(52)           118.8(2)  
            C(54)-C(53)-H(53A)          120.6  
            C(52)-C(53)-H(53A)          120.6  
            C(53)-C(54)-C(55)           120.9(2)  
            C(53)-C(54)-H(54A)          119.5  
            C(55)-C(54)-H(54A)          119.5  
            C(50)-C(55)-C(54)           120.4(2)  
            C(50)-C(55)-H(55A)          119.8  
            C(54)-C(55)-H(55A)          119.8  
            C(57)-C(56)-C(61)           117.6(2)  
            C(57)-C(56)-N(3)            122.7(2)  
            C(61)-C(56)-N(3)            119.65(19)  
            C(58)-C(57)-C(56)           120.8(2)  
            C(58)-C(57)-H(57A)          119.6  
            C(56)-C(57)-H(57A)          119.6  
            C(59)-C(58)-C(57)           121.0(2)  
            C(59)-C(58)-H(58A)          119.5  
            C(57)-C(58)-H(58A)          119.5  
            C(60)-C(59)-C(58)           118.8(2)  
            C(60)-C(59)-H(59A)          120.6  
            C(58)-C(59)-H(59A)          120.6  
            C(59)-C(60)-C(61)           120.7(2)  
            C(59)-C(60)-H(60A)          119.7  
            C(61)-C(60)-H(60A)          119.7  
            C(60)-C(61)-C(56)           121.1(2)  
            C(60)-C(61)-H(61A)          119.4  
            C(56)-C(61)-H(61A)          119.4  
            C(67)-C(62)-C(63)           119.4(2)  
            C(67)-C(62)-N(4)            121.3(2)  
            C(63)-C(62)-N(4)            119.3(2)  
            C(64)-C(63)-C(62)           119.9(3)  
            C(64)-C(63)-H(63A)          120.0  
            C(62)-C(63)-H(63A)          120.0  
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            C(65)-C(64)-C(63)           120.8(3)  
            C(65)-C(64)-H(64A)          119.6  
            C(63)-C(64)-H(64A)          119.6  
            C(66)-C(65)-C(64)           119.2(3)  
            C(66)-C(65)-H(65A)          120.4  
            C(64)-C(65)-H(65A)          120.4  
            C(65)-C(66)-C(67)           120.9(3)  
            C(65)-C(66)-H(66A)          119.6  
            C(67)-C(66)-H(66A)          119.6  
            C(62)-C(67)-C(66)           119.8(2)  
            C(62)-C(67)-H(67A)          120.1  
            C(66)-C(67)-H(67A)          120.1  
            C(73)-C(68)-C(69)           119.2(2)  
            C(73)-C(68)-N(4)            120.6(2)  
            C(69)-C(68)-N(4)            120.2(2)  
            C(68)-C(69)-C(70)           119.1(3)  
            C(68)-C(69)-H(69A)          120.5  
            C(70)-C(69)-H(69A)          120.5  
            C(71)-C(70)-C(69)           119.6(3)  
            C(71)-C(70)-H(70A)          120.2  
            C(69)-C(70)-H(70A)          120.2  
            C(72)-C(71)-C(70)           120.8(3)  
            C(72)-C(71)-H(71A)          119.6  
            C(70)-C(71)-H(71A)          119.6  
            C(71)-C(72)-C(73)           119.8(3)  
            C(71)-C(72)-H(72A)          120.1  
            C(73)-C(72)-H(72A)          120.1  
            C(72)-C(73)-C(68)           121.5(3)  
            C(72)-C(73)-H(73A)          119.2  
            C(68)-C(73)-H(73A)          119.2  
            C(32)-N(1)-C(4)             120.49(17)  
            C(32)-N(1)-C(26)            120.32(17)  
            C(4)-N(1)-C(26)             118.77(16)  
            C(11)-N(2)-C(44)            121.71(17)  
            C(11)-N(2)-C(38)            119.66(18)  
            C(44)-N(2)-C(38)            118.60(18)  
            C(56)-N(3)-C(50)            121.88(16)  
            C(56)-N(3)-C(16)            117.45(17)  
            C(50)-N(3)-C(16)            116.39(16)  
            C(68)-N(4)-C(23)            119.10(17)  
            C(68)-N(4)-C(62)            118.21(17)  
            C(23)-N(4)-C(62)            118.60(18)  
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9.9.1.1 Angles between surface normals of π-systems and of the nitrogen plane 

Least-squares planes (x,y,z in crystal coordinates) and deviations from them 
 (* indicates atom used to define plane) 
 
  0.0830 (0.0130) x + 13.1715 (0.0042) y + 19.3823 (0.0456) z = 8.6708 (0.0108)  
 
 *    0.0007 (0.0016)  C62 
 *   -0.0010 (0.0016)  C63 
 *   -0.0001 (0.0019)  C64 
 *    0.0015 (0.0019)  C65 
 *   -0.0018 (0.0018)  C66 
 *    0.0007 (0.0017)  C67 
 
 Rms deviation of fitted atoms =   0.0011 
 
 - 8.6957 (0.0130) x + 10.3442 (0.0124) y + 11.7865 (0.0685) z = 1.1496 (0.0161)  
 
 Angle to previous plane (with approximate esd) = 40.50° ( 0.09 ) 
 
 *   -0.1255 (0.0017)  N4 
 *    0.0420 (0.0006)  C23 
 *    0.0416 (0.0005)  C62 
 *    0.0419 (0.0006)  C68 
 
 Rms deviation of fitted atoms =   0.0725 
 
  8.1247 (0.0116) x - 6.4886 (0.0130) y + 36.8119 (0.0456) z = 8.2769 (0.0137)  
 
 Angle to previous plane (with approximate esd) = 53.83° ( 0.10 ) 
 
 *   -0.0038 (0.0016)  C68 
 *    0.0007 (0.0017)  C69 
 *    0.0018 (0.0019)  C70 
 *   -0.0014 (0.0022)  C71 
 *   -0.0017 (0.0022)  C72 
 *    0.0044 (0.0018)  C73 
 
 Rms deviation of fitted atoms =   0.0027 
 
 - 8.6957 (0.0130) x + 10.3442 (0.0124) y + 11.7865 (0.0685) z = 1.1496 (0.0161)  
 
 Angle to previous plane (with approximate esd) = 53.83° ( 0.10 ) 
 
 *   -0.1255 (0.0017)  N4 
 *    0.0420 (0.0006)  C23 
 *    0.0416 (0.0005)  C62 
 *    0.0419 (0.0006)  C68 
 
 Rms deviation of fitted atoms =   0.0725 
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 - 10.0980 (0.0075) x + 3.1854 (0.0108) y + 35.3259 (0.0358) z = 1.0154 (0.0090)  
 
 Angle to previous plane (with approximate esd) = 38.99° ( 0.10 ) 
 
 *    0.0204 (0.0014)  C20 
 *   -0.0123 (0.0014)  C21 
 *   -0.0072 (0.0015)  C22 
 *    0.0185 (0.0014)  C23 
 *   -0.0102 (0.0014)  C24 
 *   -0.0092 (0.0014)  C25 
 
 Rms deviation of fitted atoms =   0.0138 
 
  1.0428 (0.0102) x + 13.9531 (0.0013) y - 3.7509 (0.0423) z = 2.3577 (0.0040)  
 
 Angle to previous plane (with approximate esd) = 82.71° ( 0.06 ) 
 
 *   -0.0061 (0.0014)  C50 
 *    0.0018 (0.0014)  C51 
 *    0.0003 (0.0014)  C52 
 *    0.0019 (0.0015)  C53 
 *   -0.0063 (0.0015)  C54 
 *    0.0084 (0.0014)  C55 
 
 Rms deviation of fitted atoms =   0.0051 
 
  2.6207 (0.0152) x - 9.3338 (0.0117) y + 40.6610 (0.0430) z = 1.1832 (0.0049)  
 
 Angle to previous plane (with approximate esd) = 45.97° ( 0.08 ) 
 
 *   -0.1285 (0.0015)  N3 
 *    0.0408 (0.0005)  C16 
 *    0.0434 (0.0005)  C50 
 *    0.0443 (0.0005)  C56 
 
 Rms deviation of fitted atoms =   0.0742 
 
  4.9006 (0.0114) x - 7.2376 (0.0105) y + 43.7893 (0.0308) z = 1.8238 (0.0018)  
 
 Angle to previous plane (with approximate esd) = 13.31° ( 0.13 ) 
 
 *   -0.0014 (0.0015)  C56 
 *    0.0090 (0.0015)  C57 
 *   -0.0065 (0.0017)  C58 
 *   -0.0035 (0.0017)  C59 
 *    0.0111 (0.0015)  C60 
 *   -0.0086 (0.0014)  C61 
 
 Rms deviation of fitted atoms =   0.0075 
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  2.6207 (0.0152) x - 9.3338 (0.0117) y + 40.6610 (0.0430) z = 1.1832 (0.0049)  
 
 Angle to previous plane (with approximate esd) = 13.31° ( 0.13 ) 
 
 *   -0.1285 (0.0015)  N3 
 *    0.0408 (0.0005)  C16 
 *    0.0434 (0.0005)  C50 
 *    0.0443 (0.0005)  C56 
 
 Rms deviation of fitted atoms =   0.0742 
 
 - 8.4383 (0.0086) x + 3.8291 (0.0103) y + 41.3365 (0.0308) z = 2.4844 (0.0053)  
 
 Angle to previous plane (with approximate esd) = 76.94° ( 0.07 ) 
 
 *    0.0035 (0.0014)  C14 
 *   -0.0136 (0.0014)  C15 
 *    0.0117 (0.0014)  C16 
 *    0.0004 (0.0014)  C17 
 *   -0.0106 (0.0014)  C18 
 *    0.0087 (0.0014)  C19 
 
 Rms deviation of fitted atoms =   0.0093 
 
  0.7243 (0.0137) x + 12.8513 (0.0053) y + 22.3926 (0.0482) z = 6.6191 (0.0112)  
 
 Angle to previous plane (with approximate esd) = 59.49° ( 0.07 ) 
 
 *   -0.0028 (0.0016)  C38 
 *    0.0068 (0.0018)  C39 
 *   -0.0046 (0.0020)  C40 
 *   -0.0016 (0.0020)  C41 
 *    0.0056 (0.0019)  C42 
 *   -0.0033 (0.0017)  C43 
 
 Rms deviation of fitted atoms =   0.0045 
 
  10.1795 (0.0115) x + 8.8181 (0.0144) y + 11.2197 (0.0725) z = 5.4112 (0.0131)  
 
 Angle to previous plane (with approximate esd) = 45.95° ( 0.10 ) 
 
 *   -0.0115 (0.0018)  N2 
 *    0.0039 (0.0006)  C11 
 *    0.0037 (0.0006)  C38 
 *    0.0038 (0.0006)  C44 
 
 Rms deviation of fitted atoms =   0.0066 
 
 - 9.0772 (0.0094) x - 6.6981 (0.0111) y + 32.0332 (0.0438) z = 3.4375 (0.0103)  
 
 Angle to previous plane (with approximate esd) = 46.27° ( 0.10 ) 
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 *    0.0087 (0.0016)  C44 
 *   -0.0080 (0.0016)  C45 
 *   -0.0011 (0.0018)  C46 
 *    0.0096 (0.0018)  C47 
 *   -0.0089 (0.0017)  C48 
 *   -0.0003 (0.0016)  C49 
 
 Rms deviation of fitted atoms =   0.0072 
 
  10.1795 (0.0115) x + 8.8181 (0.0144) y + 11.2197 (0.0725) z = 5.4112 (0.0131)  
 
 Angle to previous plane (with approximate esd) = 46.27° ( 0.10 ) 
 
 *   -0.0115 (0.0018)  N2 
 *    0.0039 (0.0006)  C11 
 *    0.0037 (0.0006)  C38 
 *    0.0038 (0.0006)  C44 
 
 Rms deviation of fitted atoms =   0.0066 
 
  11.0051 (0.0067) x + 2.4294 (0.0114) y + 31.3755 (0.0398) z = 8.2778 (0.0044)  
 
 Angle to previous plane (with approximate esd) = 33.84° ( 0.11 ) 
 
 *    0.0130 (0.0014)  C8 
 *   -0.0030 (0.0015)  C9 
 *   -0.0100 (0.0016)  C10 
 *    0.0128 (0.0015)  C11 
 *   -0.0027 (0.0014)  C12 
 *   -0.0102 (0.0014)  C13 
 
 Rms deviation of fitted atoms =   0.0096 
 
  7.1767 (0.0097) x + 10.9307 (0.0073) y - 18.8551 (0.0462) z = 3.5791 (0.0089)  
 
 Angle to previous plane (with approximate esd) = 67.68° ( 0.06 ) 
 
 *    0.0090 (0.0015)  C26 
 *   -0.0172 (0.0015)  C27 
 *    0.0116 (0.0017)  C28 
 *    0.0022 (0.0017)  C29 
 *   -0.0103 (0.0015)  C30 
 *    0.0047 (0.0015)  C31 
 
 Rms deviation of fitted atoms =   0.0104 
 
  7.2466 (0.0131) x + 10.7307 (0.0103) y + 20.2002 (0.0585) z = 5.9639 (0.0075)  
 
 Angle to previous plane (with approximate esd) = 40.52° ( 0.08 ) 
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 *    0.0403 (0.0016)  N1 
 *   -0.0134 (0.0005)  C4 
 *   -0.0133 (0.0005)  C26 
 *   -0.0136 (0.0005)  C32 
 
 Rms deviation of fitted atoms =   0.0233 
 
  0.9985 (0.0111) x + 11.9517 (0.0058) y + 29.2241 (0.0377) z = 2.8211 (0.0060)  
 
 Angle to previous plane (with approximate esd) = 28.72° ( 0.10 ) 
 
 *    0.0012 (0.0014)  C32 
 *    0.0082 (0.0014)  C33 
 *   -0.0100 (0.0015)  C34 
 *    0.0023 (0.0016)  C35 
 *    0.0072 (0.0016)  C36 
 *   -0.0089 (0.0015)  C37 
 
 Rms deviation of fitted atoms =   0.0071 
 
  7.2466 (0.0131) x + 10.7307 (0.0103) y + 20.2002 (0.0585) z = 5.9639 (0.0075)  
 
 Angle to previous plane (with approximate esd) = 28.72° ( 0.10 ) 
 
 *    0.0403 (0.0016)  N1 
 *   -0.0134 (0.0005)  C4 
 *   -0.0133 (0.0005)  C26 
 *   -0.0136 (0.0005)  C32 
 
 Rms deviation of fitted atoms =   0.0233 
 
  10.5374 (0.0071) x + 2.1803 (0.0108) y + 34.3194 (0.0371) z = 8.5368 (0.0012)  
 
 Angle to previous plane (with approximate esd) = 41.12° ( 0.10 ) 
 
 *   -0.0061 (0.0014)  C2 
 *    0.0115 (0.0014)  C3 
 *   -0.0068 (0.0014)  C4 
 *   -0.0034 (0.0014)  C5 
 *    0.0089 (0.0014)  C6 
 *   -0.0041 (0.0014)  C7 
 
 Rms deviation of fitted atoms =   0.0074 
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9.9.2 Spiro-DPO (i0398) 

      Table 1.  Crystal data and structure refinement for I0398  
   
      Identification code    i0398a  
      Empirical formula    C61 H46 N4 O  
      Formula weight    851.02  
      Temperature     133(±2) K  
      Wavelength     0.71073 A  
      Crystal system    Monoclinic  
      Space group     P 21/c  
      Unit cell dimensions   a = 26.836(±2) A alpha = 90 deg.  
       b = 30.087(±4) A beta = 91.232(±7) deg.  
       c = 23.2594(±18) A gamma = 90 deg.  
      Volume      18776(±3) A^3  
      Z       16  
      Density (calculated)    1.204 Mg/m^3  
      Absorption coefficient   0.072 mm^-1  
      F(000)       7168  
      Crystal size     0.600 x 0.263 x 0.090 mm  
      Theta range for data collection  1.33 to 22.50 deg.  
      Index ranges     -28<=h<=28, -32<=k<=32, -24<=l<=24  
      Reflections collected   90621  
      Independent reflections   24394 [R(int) = 0.2179]  
      Reflections observed   7409  
      Absorption correction   Integration  
      Max. and min. transmission  0.9948 and 0.9727  
      Refinement method    Full-matrix least-squares on F^2  
      Data / restraints / parameters  24394 / 0 / 2389  
      Goodness-of-fit on F^2   0.724  
      Final R indices [I>2sigma(I)]   R1 = 0.0643, wR2 = 0.0912  
      R indices (all data)     R1 = 0.2096, wR2 = 0.1292  
      Largest diff. peak and hole  0.275 and -0.205 e.A^-3  
 
 
         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  
         displacement parameters (A^2 x 10^3) for I0398    U(eq) is defined  
         as one third of the trace of the orthogonalized Uij tensor.  
   
                          x                  y                  z                 U(eq)  
          C(1)         3723(2)       4432(2)       9334(3)       36(2)  
          C(2)         3394(2)       4032(2)       9180(3)       36(2)  
          C(3)         3036(2)       3835(2)       9524(3)       35(2)  
          C(4)         2748(2)       3485(2)       9276(3)       37(2)  
          C(5)         2814(3)       3354(2)       8706(3)       45(2)  
          C(6)         3178(3)       3547(2)       8368(3)       43(2)  
          C(7)         3472(2)       3888(2)       8616(3)       37(2)  
          C(8)         3880(2)       4142(2)       8375(3)       35(2)  
          C(9)         4122(3)       4112(2)       7863(4)       45(2)  
          C(10)        4525(3)       4387(2)       7750(3)       47(2)  
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          C(11)        4676(3)       4711(2)       8167(4)       47(2)  
          C(12)        4425(3)       4749(2)       8679(4)       47(2)  
          C(13)        4030(3)       4471(2)       8787(3)       38(2)  
          C(14)        2360(3)       3268(2)       9606(4)       41(2)  
          C(15)        1973(3)       3057(2)      10350(4)       41(2)  
          C(16)        1877(2)       2973(2)      10953(3)       37(2)  
          C(17)        1443(3)       2743(2)      11100(3)       42(2)  
          C(18)        1373(3)       2622(2)      11678(4)       48(2)  
          C(19)        1730(3)       2717(2)      12100(4)       43(2)  
          C(20)        2152(3)       2948(2)      11937(3)       45(2)  
          C(21)        2234(3)       3079(2)      11379(4)       45(2)  
          C(22)        1659(3)       2550(2)      12713(4)       53(2)  
          C(23)        1123(3)       2649(3)      12909(4)       84(3)  
          C(24)        2030(3)       2751(3)      13134(4)       68(3)  
          C(25)        1744(3)       2044(3)      12703(4)       75(3)  
          C(26)        3413(2)       4854(2)       9457(3)       36(2)  
          C(27)        3060(2)       5057(2)       9102(3)       40(2)  
          C(28)        2822(2)       5450(2)       9297(3)       37(2)  
          C(29)        2958(2)       5616(2)       9844(3)       38(2)  
          C(30)        3308(2)       5414(2)      10189(3)       35(2)  
          C(31)        3549(2)       5025(2)      10004(3)       38(2)  
          C(32)        3944(2)       4741(2)      10256(3)       32(2)  
          C(33)        4215(2)       4777(2)      10758(4)       41(2)  
          C(34)        4624(3)       4492(2)      10860(3)       41(2)  
          C(35)        4747(2)       4165(2)      10455(3)       38(2)  
          C(36)        4436(2)       4108(2)       9962(3)       35(2)  
          C(37)        4047(2)       4395(2)       9872(3)       35(2)  
          C(38)        5433(3)       3901(2)      11075(3)       41(2)  
          C(39)        5185(3)       3708(2)      11536(4)       50(2)  
          C(40)        5426(3)       3713(2)      12079(4)       58(2)  
          C(41)        5903(3)       3887(3)      12161(4)       60(2)  
          C(42)        6140(3)       4065(2)      11693(4)       57(2)  
          C(43)        5901(3)       4072(2)      11153(4)       45(2)  
          C(44)        5480(2)       3799(2)      10043(3)       39(2)  
          C(45)        5791(3)       3423(2)      10071(4)       49(2)  
          C(46)        6077(3)       3305(3)       9597(4)       55(2)  
          C(47)        6058(3)       3562(3)       9102(4)       56(2)  
          C(48)        5752(3)       3931(3)       9074(4)       50(2)  
          C(49)        5474(3)       4052(2)       9540(3)       43(2)  
          C(50)        2386(3)       6141(2)       8949(3)       38(2)  
          C(51)        2786(2)       6428(2)       9049(3)       45(2)  
          C(52)        2681(3)       6887(2)       9011(4)       54(2)  
          C(53)        2219(3)       7052(2)       8887(4)       50(2)  
          C(54)        1839(3)       6755(2)       8781(4)       48(2)  
          C(55)        1916(2)       6302(2)       8821(3)       40(2)  
          C(56)        2210(2)       5423(2)       8488(3)       35(2)  
          C(57)        1911(3)       5071(2)       8607(4)       50(2)  
          C(58)        1633(3)       4868(3)       8166(4)       57(2)  
          C(59)        1653(3)       5028(3)       7609(4)       58(2)  
          C(60)        1960(3)       5386(2)       7490(4)       48(2)  
          C(61)        2236(3)       5582(2)       7936(3)       42(2)  
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          C(101)       6217(2)       4397(2)       6593(3)       38(2)  
          C(102)       5845(2)       4013(2)       6439(3)       36(2)  
          C(103)       5488(2)       3821(2)       6778(3)       34(2)  
          C(104)       5161(2)       3511(2)       6529(3)       39(2)  
          C(105)       5186(3)       3410(2)       5941(3)       44(2)  
          C(106)       5559(3)       3589(2)       5607(3)       42(2)  
          C(107)       5894(2)       3892(2)       5862(3)       35(2)  
          C(108)       6327(2)       4130(2)       5625(3)       39(2)  
          C(109)       6550(3)       4087(2)       5093(3)       40(2)  
          C(110)       6974(3)       4334(2)       4992(4)       47(2)  
          C(111)       7152(3)       4635(2)       5409(4)       55(2)  
          C(112)       6929(3)       4681(2)       5935(4)       50(2)  
          C(113)       6514(2)       4421(2)       6040(3)       35(2)  
          C(114)       4784(3)       3288(2)       6860(4)       41(2)  
          C(115)       4435(3)       3032(2)       7610(4)       45(2)  
          C(116)       4385(2)       2933(2)       8215(4)       39(2)  
          C(117)       3969(3)       2700(2)       8393(4)       48(2)  
          C(118)       3900(3)       2601(2)       8976(4)       42(2)  
          C(119)       4250(3)       2741(2)       9394(4)       43(2)  
          C(120)       4656(3)       2979(2)       9209(4)       41(2)  
          C(121)       4726(3)       3078(2)       8631(4)       43(2)  
          C(122)       4164(3)       2621(2)      10027(3)       44(2)  
          C(123)       4123(3)       2110(2)      10075(4)       53(2)  
          C(124)       4585(3)       2772(2)      10413(4)       58(2)  
          C(125)       3679(3)       2834(3)      10238(4)       63(2)  
          C(126)       5922(2)       4817(2)       6735(3)       35(2)  
          C(127)       5562(2)       5025(2)       6396(3)       41(2)  
          C(128)       5318(2)       5403(2)       6609(4)       42(2)  
          C(129)       5454(2)       5564(2)       7154(3)       40(2)  
          C(130)       5826(2)       5367(2)       7493(4)       40(2)  
          C(131)       6051(3)       4981(2)       7290(3)       40(2)  
          C(132)       6430(3)       4682(2)       7536(3)       37(2)  
          C(133)       6695(3)       4687(2)       8049(4)       43(2)  
          C(134)       7083(2)       4383(2)       8157(3)       42(2)  
          C(135)       7190(3)       4060(2)       7740(3)       42(2)  
          C(136)       6908(2)       4036(2)       7240(3)       41(2)  
          C(137)       6533(2)       4339(2)       7132(3)       35(2)  
          C(138)       7766(3)       3680(3)       8410(4)       52(2)  
          C(139)       8204(3)       3870(3)       8604(4)       68(3)  
          C(140)       8361(4)       3810(4)       9178(5)       89(3)  
          C(141)       8067(4)       3567(4)       9546(5)       80(3)  
          C(142)       7635(4)       3376(3)       9334(5)       82(3)  
          C(143)       7480(3)       3431(3)       8771(4)       71(3)  
          C(144)       7927(3)       3662(2)       7375(4)       47(2)  
          C(145)       8195(3)       3270(3)       7376(4)       65(3)  
          C(146)       8526(3)       3175(3)       6949(5)       74(3)  
          C(147)       8584(3)       3464(3)       6476(5)       73(3)  
          C(148)       8302(3)       3854(3)       6479(4)       66(3)  
          C(149)       7987(3)       3961(2)       6914(4)       52(2)  
          C(150)       4793(3)       6039(2)       6264(3)       41(2)  
          C(151)       5160(3)       6360(2)       6301(4)       52(2)  
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          C(152)       5022(3)       6813(2)       6260(4)       56(2)  
          C(153)       4537(3)       6930(3)       6200(4)       59(2)  
          C(154)       4153(3)       6612(3)       6169(4)       57(2)  
          C(155)       4295(3)       6163(2)       6199(3)       48(2)  
          C(156)       4580(2)       5252(2)       6021(4)       39(2)  
          C(157)       4397(3)       4921(2)       6370(4)       52(2)  
          C(158)       4090(3)       4597(3)       6147(4)       66(3)  
          C(159)       3946(3)       4611(3)       5580(4)       61(2)  
          C(160)       4124(3)       4946(2)       5227(4)       50(2)  
          C(161)       4445(3)       5268(2)       5447(4)       50(2)  
          C(201)       8810(2)       4392(2)       4298(3)       35(2)  
          C(202)       8496(2)       3996(2)       4079(3)       38(2)  
          C(203)       8110(2)       3785(2)       4355(3)       37(2)  
          C(204)       7846(3)       3445(2)       4049(3)       38(2)  
          C(205)       7972(3)       3346(2)       3484(3)       44(2)  
          C(206)       8361(3)       3554(2)       3214(4)       47(2)  
          C(207)       8629(2)       3882(2)       3516(3)       34(2)  
          C(208)       9055(2)       4153(2)       3337(3)       38(2)  
          C(209)       9335(3)       4144(2)       2859(3)       44(2)  
          C(210)       9740(3)       4431(2)       2825(3)       48(2)  
          C(211)       9849(3)       4734(2)       3263(4)       51(2)  
          C(212)       9557(3)       4747(2)       3750(3)       45(2)  
          C(213)       9162(2)       4456(2)       3794(3)       33(2)  
          C(214)       7445(3)       3207(2)       4315(4)       51(2)  
          C(215)       6971(3)       2987(2)       4990(4)       48(2)  
          C(216)       6796(3)       2929(2)       5577(4)       47(2)  
          C(217)       6341(3)       2722(2)       5643(4)       57(2)  
          C(218)       6176(3)       2630(2)       6200(5)       66(3)  
          C(219)       6476(3)       2725(2)       6682(4)       56(3)  
          C(220)       6940(3)       2931(2)       6600(4)       58(2)  
          C(221)       7096(3)       3046(2)       6053(4)       48(2)  
          C(222)       6340(4)       2574(3)       7286(4)       73(3)  
          C(223)       5795(4)       2424(3)       7326(5)      101(4)  
          C(224)       6407(6)       2949(4)       7724(5)      202(9)  
          C(225)       6668(4)       2180(3)       7467(4)       87(3)  
          C(226)       8497(2)       4808(2)       4436(3)       35(2)  
          C(227)       8180(2)       5034(2)       4069(3)       40(2)  
          C(228)       7920(3)       5404(2)       4268(3)       40(2)  
          C(229)       8002(2)       5536(2)       4852(3)       39(2)  
          C(230)       8330(3)       5306(2)       5216(3)       40(2)  
          C(231)       8581(2)       4939(2)       5004(3)       39(2)  
          C(232)       8957(2)       4651(2)       5270(3)       35(2)  
          C(233)       9213(2)       4661(2)       5796(3)       40(2)  
          C(234)       9610(2)       4376(2)       5911(3)       41(2)  
          C(235)       9746(2)       4063(2)       5494(3)       36(2)  
          C(236)       9490(2)       4027(2)       4976(3)       37(2)  
          C(237)       9099(3)       4325(2)       4868(3)       37(2)  
          C(238)      10356(3)       3746(3)       6184(4)       51(2)  
          C(239)      10063(4)       3511(3)       6551(4)       72(3)  
          C(240)      10241(5)       3482(4)       7136(6)      114(5)  
          C(241)      10686(6)       3676(6)       7316(8)      135(8)  
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          C(242)      10973(6)       3890(5)       6956(7)      122(6)  
          C(243)      10802(3)       3950(3)       6342(4)       74(3)  
          C(244)      10506(3)       3695(2)       5147(4)       45(2)  
          C(245)      10786(3)       3295(2)       5183(4)       58(2)  
          C(246)      11105(3)       3169(3)       4754(5)       76(3)  
          C(247)      11149(3)       3438(3)       4280(5)       79(3)  
          C(248)      10869(3)       3841(3)       4230(4)       63(3)  
          C(249)      10555(3)       3966(3)       4665(4)       50(2)  
          C(250)       7504(3)       6120(2)       3970(3)       43(2)  
          C(251)       7883(3)       6401(2)       4146(4)       49(2)  
          C(252)       7778(3)       6859(2)       4200(4)       53(2)  
          C(253)       7312(3)       7018(2)       4077(4)       50(2)  
          C(254)       6931(3)       6749(2)       3897(4)       51(2)  
          C(255)       7031(3)       6286(2)       3842(3)       46(2)  
          C(256)       7331(2)       5416(2)       3447(3)       37(2)  
          C(257)       7066(3)       5037(2)       3555(4)       56(2)  
          C(258)       6796(3)       4840(3)       3111(4)       55(2)  
          C(259)       6789(3)       5026(3)       2575(4)       59(2)  
          C(260)       7070(3)       5397(3)       2469(4)       57(2)  
          C(261)       7335(3)       5597(2)       2899(4)       49(2)  
          C(301)      11289(2)       4397(2)       1663(3)       37(2)  
          C(302)      10960(2)       3995(2)       1499(3)       32(2)  
          C(303)      10618(2)       3773(2)       1835(3)       37(2)  
          C(304)      10303(2)       3457(2)       1562(3)       37(2)  
          C(305)      10331(3)       3375(2)        969(3)       41(2)  
          C(306)      10689(3)       3585(2)        652(3)       39(2)  
          C(307)      11012(2)       3896(2)        915(3)       36(2)  
          C(308)      11417(2)       4161(2)        684(3)       36(2)  
          C(309)      11632(3)       4157(2)        143(4)       44(2)  
          C(310)      12025(3)       4446(3)         42(4)       49(2)  
          C(311)      12192(3)       4738(3)        481(4)       55(2)  
          C(312)      11975(3)       4741(2)       1019(4)       49(2)  
          C(313)      11584(2)       4457(2)       1115(3)       39(2)  
          C(314)       9917(3)       3224(2)       1878(4)       40(2)  
          C(315)       9535(3)       2965(2)       2607(4)       41(2)  
          C(316)       9463(3)       2851(2)       3223(3)       40(2)  
          C(317)       9036(3)       2607(2)       3365(4)       46(2)  
          C(318)       8951(3)       2516(2)       3934(4)       47(2)  
          C(319)       9269(3)       2658(2)       4372(3)       41(2)  
          C(320)       9693(3)       2894(2)       4226(4)       45(2)  
          C(321)       9788(3)       3001(2)       3649(4)       46(2)  
          C(322)       9155(3)       2539(2)       4995(4)       44(2)  
          C(323)       8623(3)       2690(3)       5136(4)       65(3)  
          C(324)       9532(3)       2743(3)       5434(4)       59(2)  
          C(325)       9197(3)       2022(2)       5059(4)       58(2)  
          C(326)      10957(2)       4803(2)       1771(3)       38(2)  
          C(327)      10571(3)       4962(2)       1425(3)       40(2)  
          C(328)      10285(3)       5321(2)       1599(4)       46(2)  
          C(329)      10409(3)       5521(2)       2127(4)       46(2)  
          C(330)      10796(3)       5369(2)       2475(3)       42(2)  
          C(331)      11076(2)       4998(2)       2303(3)       37(2)  
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          C(332)      11477(3)       4745(2)       2577(3)       40(2)  
          C(333)      11754(2)       4797(2)       3080(3)       37(2)  
          C(334)      12165(3)       4526(2)       3208(3)       43(2)  
          C(335)      12299(3)       4185(2)       2816(3)       38(2)  
          C(336)      12012(2)       4109(2)       2332(3)       41(2)  
          C(337)      11600(2)       4385(2)       2209(3)       33(2)  
          C(338)      12922(3)       3889(2)       3506(3)       39(2)  
          C(339)      12652(3)       3666(2)       3908(4)       47(2)  
          C(340)      12838(3)       3615(2)       4457(4)       56(2)  
          C(341)      13306(3)       3783(2)       4612(4)       57(2)  
          C(342)      13575(3)       4013(3)       4213(4)       54(2)  
          C(343)      13380(3)       4064(2)       3648(3)       45(2)  
          C(344)      13057(2)       3826(2)       2460(3)       40(2)  
          C(345)      13368(3)       3456(3)       2502(4)       52(2)  
          C(346)      13677(3)       3340(3)       2067(5)       74(3)  
          C(347)      13675(3)       3589(3)       1558(4)       72(3)  
          C(348)      13375(3)       3957(3)       1513(4)       51(2)  
          C(349)      13066(3)       4073(2)       1958(3)       42(2)  
          C(350)       9757(3)       5920(2)       1188(3)       41(2)  
          C(351)      10138(3)       6235(2)       1209(3)       52(2)  
          C(352)      10006(3)       6688(3)       1142(4)       60(2)  
          C(353)       9525(3)       6822(3)       1067(4)       55(2)  
          C(354)       9154(3)       6507(3)       1045(4)       57(2)  
          C(355)       9265(3)       6052(3)       1116(3)       50(2)  
          C(356)       9586(2)       5119(2)        959(4)       44(2)  
          C(357)       9485(3)       4725(2)       1272(4)       52(2)  
          C(358)       9242(3)       4379(3)        969(4)       58(2)  
          C(359)       9064(3)       4439(3)        433(4)       67(3)  
          C(360)       9155(3)       4831(3)        138(4)       61(2)  
          C(361)       9423(3)       5167(2)        409(4)       54(2)  
          N(1)         1978(2)       3050(2)       9404(3)       45(2)  
          N(2)         1723(2)       2912(2)       9899(3)       47(2)  
          N(3)         2467(2)       5667(2)       8934(3)       43(2)  
          N(4)         5192(2)       3909(2)      10525(3)       38(2)  
          N(11)        4155(2)       2910(2)       7179(3)       57(2)  
          N(12)        4386(2)       3088(2)       6683(3)       58(2)  
          N(13)        4923(2)       5574(2)       6269(3)       41(2)  
          N(14)        7595(2)       3761(2)       7818(3)       48(2)  
          N(21)        7111(2)       2954(2)       4066(3)       56(2)  
          N(22)        6802(2)       2805(2)       4523(3)       58(2)  
          N(23)        7593(2)       5647(2)       3902(3)       43(2)  
          N(24)       10177(2)       3799(2)       5597(3)      46(2)  
          N(31)        9512(2)       3042(2)       1685(3)       58(2)  
          N(32)        9269(2)       2863(2)       2163(3)       60(2)  
          N(33)        9874(2)       5456(2)       1262(3)       47(2)  
          N(34)       12743(2)      3937(2)       2923(3)       43(2)  
          O(1)         2386(2)        3286(1)      10195(2)      39(1)  
          O(2)         4845(2)        3267(1)       7454(2)       39(1)  
          O(3)         7385(2)        3249(2)       4900(2)       44(1)  
          O(4)         9968(2)        3191(1)       2468(2)       40(1)  
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           Table 3.   Bond lengths [A] and angles [deg] for I0398  
   
            C(1)-C(37)                    1.512(10)  
            C(1)-C(2)                     1.532(9)  
            C(1)-C(13)                    1.534(10)  
            C(1)-C(26)                    1.548(9)  
            C(2)-C(3)                     1.394(9)  
            C(2)-C(7)                     1.402(10)  
            C(3)-C(4)                     1.421(9)  
            C(3)-H(3A)                    0.9500  
            C(4)-C(5)                     1.399(10)  
            C(4)-C(14)                    1.461(10)  
            C(5)-C(6)                     1.394(10)  
            C(5)-H(5A)                    0.9500  
            C(6)-C(7)                     1.409(9)  
            C(6)-H(6A)                    0.9500  
            C(7)-C(8)                     1.458(9)  
            C(8)-C(9)                     1.370(10)  
            C(8)-C(13)                    1.430(9)  
            C(9)-C(10)                    1.395(10)  
            C(9)-H(9A)                    0.9500  
            C(10)-C(11)                   1.427(10)  
            C(10)-H(10A)                  0.9500  
            C(11)-C(12)                   1.384(11)  
            C(11)-H(11A)                  0.9500  
            C(12)-C(13)                   1.379(9)  
            C(12)-H(12A)                  0.9500  
            C(14)-N(1)                    1.297(9)  
            C(14)-O(1)                    1.370(9)  
            C(15)-N(2)                    1.310(9)  
            C(15)-O(1)                    1.360(8)  
            C(15)-C(16)                   1.452(10)  
            C(16)-C(21)                   1.400(10)  
            C(16)-C(17)                   1.404(9)  
            C(17)-C(18)                   1.410(10)  
            C(17)-H(17A)                  0.9500  
            C(18)-C(19)                   1.387(10)  
            C(18)-H(18A)                  0.9500  
            C(19)-C(20)                   1.389(9)  
            C(19)-C(22)                   1.528(10)  
            C(20)-C(21)                   1.378(10)  
            C(20)-H(20A)                  0.9500  
            C(21)-H(21A)                  0.9500  
            C(22)-C(24)                   1.508(10)  
            C(22)-C(25)                   1.540(10)  
            C(22)-C(23)                   1.548(10)  
            C(23)-H(23A)                  0.9800  
            C(23)-H(23B)                  0.9800  
            C(23)-H(23C)                  0.9800  
            C(24)-H(24A)                  0.9800  
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            C(24)-H(24B)                  0.9800  
            C(24)-H(24C)                  0.9800  
            C(25)-H(25C)                  0.9800  
            C(25)-H(25B)                  0.9800  
            C(25)-H(25A)                  0.9800  
            C(26)-C(27)                   1.386(10)  
            C(26)-C(31)                   1.412(10)  
            C(27)-C(28)                   1.424(9)  
            C(27)-H(27A)                  0.9500  
            C(28)-C(29)                   1.408(10)  
            C(28)-N(3)                    1.419(9)  
            C(29)-C(30)                   1.364(9)  
            C(29)-H(29A)                  0.9500  
            C(30)-C(31)                   1.410(9)  
            C(30)-H(30A)                  0.9500  
            C(31)-C(32)                   1.472(9)  
            C(32)-C(33)                   1.367(10)  
            C(32)-C(37)                   1.404(9)  
            C(33)-C(34)                   1.407(9)  
            C(33)-H(33A)                  0.9500  
            C(34)-C(35)                   1.408(10)  
            C(34)-H(34A)                  0.9500  
            C(35)-C(36)                   1.412(10)  
            C(35)-N(4)                    1.427(8)  
            C(36)-C(37)                   1.368(9)  
            C(36)-H(36A)                  0.9500  
            C(38)-C(43)                   1.365(9)  
            C(38)-C(39)                   1.400(10)  
            C(38)-N(4)                    1.422(9)  
            C(39)-C(40)                   1.406(11)  
            C(39)-H(39A)                  0.9500  
            C(40)-C(41)                   1.393(11)  
            C(40)-H(40A)                  0.9500  
            C(41)-C(42)                   1.381(12)  
            C(41)-H(41A)                  0.9500  
            C(42)-C(43)                   1.399(11)  
            C(42)-H(42A)                  0.9500  
            C(43)-H(43A)                  0.9500  
            C(44)-C(49)                   1.394(10)  
            C(44)-C(45)                   1.407(9)  
            C(44)-N(4)                    1.415(9)  
            C(45)-C(46)                   1.403(11)  
            C(45)-H(45A)                  0.9500  
            C(46)-C(47)                   1.388(11)  
            C(46)-H(46A)                  0.9500  
            C(47)-C(48)                   1.381(10)  
            C(47)-H(47A)                  0.9500  
            C(48)-C(49)                   1.379(10)  
            C(48)-H(48A)                  0.9500  
            C(49)-H(49A)                  0.9500  
            C(50)-C(55)                   1.378(9)  



APPENDIX
   

 190

            C(50)-C(51)                   1.394(9)  
            C(50)-N(3)                    1.442(8)  
            C(51)-C(52)                   1.413(9)  
            C(51)-H(51A)                  0.9500  
            C(52)-C(53)                   1.361(10)  
            C(52)-H(52A)                  0.9500  
            C(53)-C(54)                   1.372(10)  
            C(53)-H(53A)                  0.9500  
            C(54)-C(55)                   1.382(9)  
            C(54)-H(54A)                  0.9500  
            C(55)-H(55A)                  0.9500  
            C(56)-C(57)                   1.359(9)  
            C(56)-C(61)                   1.374(10)  
            C(56)-N(3)                    1.436(9)  
            C(57)-C(58)                   1.397(10)  
            C(57)-H(57A)                  0.9500  
            C(58)-C(59)                   1.384(11)  
            C(58)-H(58A)                  0.9500  
            C(59)-C(60)                   1.388(10)  
            C(59)-H(59A)                  0.9500  
            C(60)-C(61)                   1.392(10)  
            C(60)-H(60A)                  0.9500  
            C(61)-H(61A)                  0.9500  
            C(101)-C(137)                 1.510(10)  
            C(101)-C(113)                 1.527(10)  
            C(101)-C(126)                 1.531(9)  
            C(101)-C(102)                 1.564(9)  
            C(102)-C(103)                 1.381(9)  
            C(102)-C(107)                 1.399(10)  
            C(103)-C(104)                 1.398(9)  
            C(103)-H(103)                 0.9500  
            C(104)-C(105)                 1.404(10)  
            C(104)-C(114)                 1.449(10)  
            C(105)-C(106)                 1.390(10)  
            C(105)-H(105)                 0.9500  
            C(106)-C(107)                 1.401(9)  
            C(106)-H(106)                 0.9500  
            C(107)-C(108)                 1.481(9)  
            C(108)-C(113)                 1.389(9)  
            C(108)-C(109)                 1.392(10)  
            C(109)-C(110)                 1.381(9)  
            C(109)-H(109)                 0.9500  
            C(110)-C(111)                 1.404(11)  
            C(110)-H(110)                 0.9500  
            C(111)-C(112)                 1.382(11)  
            C(111)-H(111)                 0.9500  
            C(112)-C(113)                 1.388(9)  
            C(112)-H(112)                 0.9500  
            C(114)-N(12)                  1.286(9)  
            C(114)-O(2)                   1.387(9)  
            C(115)-N(11)                  1.292(10)  
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            C(115)-O(2)                   1.363(8)  
            C(115)-C(116)                 1.448(11)  
            C(116)-C(121)                 1.386(10)  
            C(116)-C(117)                 1.390(10)  
            C(117)-C(118)                 1.403(10)  
            C(117)-H(117)                 0.9500  
            C(118)-C(119)                 1.402(10)  
            C(118)-H(118)                 0.9500  
            C(119)-C(120)                 1.379(10)  
            C(119)-C(122)                 1.539(11)  
            C(120)-C(121)                 1.396(10)  
            C(120)-H(120)                 0.9500  
            C(121)-H(121)                 0.9500  
            C(122)-C(124)                 1.498(10)  
            C(122)-C(125)                 1.543(10)  
            C(122)-C(123)                 1.545(9)  
            C(123)-H(123)                 0.9800  
            C(123)-H(123)                 0.9800  
            C(123)-H(123)                 0.9800  
            C(124)-H(124)                 0.9800  
            C(124)-H(124)                 0.9800  
            C(124)-H(124)                 0.9800  
            C(125)-H(125)                 0.9800  
            C(125)-H(125)                 0.9800  
            C(125)-H(125)                 0.9800  
            C(126)-C(127)                 1.383(10)  
            C(126)-C(131)                 1.420(10)  
            C(127)-C(128)                 1.408(9)  
            C(127)-H(127)                 0.9500  
            C(128)-C(129)                 1.396(10)  
            C(128)-N(13)                  1.407(9)  
            C(129)-C(130)                 1.391(10)  
            C(129)-H(129)                 0.9500  
            C(130)-C(131)                 1.395(9)  
            C(130)-H(130)                 0.9500  
            C(131)-C(132)                 1.467(9)  
            C(132)-C(133)                 1.376(10)  
            C(132)-C(137)                 1.426(9)  
            C(133)-C(134)                 1.405(9)  
            C(133)-H(133)                 0.9500  
            C(134)-C(135)                 1.408(10)  
            C(134)-H(134)                 0.9500  
            C(135)-C(136)                 1.374(10)  
            C(135)-N(14)                  1.420(8)  
            C(136)-C(137)                 1.377(9)  
            C(136)-H(136)                 0.9500  
            C(138)-C(143)                 1.371(11)  
            C(138)-C(139)                 1.375(11)  
            C(138)-N(14)                  1.464(10)  
            C(139)-C(140)                 1.403(12)  
            C(139)-H(139)                 0.9500  



APPENDIX
   

 192

            C(140)-C(141)                 1.384(13)  
            C(140)-H(140)                 0.9500  
            C(141)-C(142)                 1.375(13)  
            C(141)-H(141)                 0.9500  
            C(142)-C(143)                 1.374(12)  
            C(142)-H(142)                 0.9500  
            C(143)-H(143)                 0.9500  
            C(144)-C(145)                 1.383(10)  
            C(144)-N(14)                  1.407(9)  
            C(144)-C(149)                 1.411(10)  
            C(145)-C(146)                 1.377(11)  
            C(145)-H(145)                 0.9500  
            C(146)-C(147)                 1.413(12)  
            C(146)-H(146)                 0.9500  
            C(147)-C(148)                 1.397(11)  
            C(147)-H(147)                 0.9500  
            C(148)-C(149)                 1.372(11)  
            C(148)-H(148)                 0.9500  
            C(149)-H(149)                 0.9500  
            C(150)-C(151)                 1.380(9)  
            C(150)-C(155)                 1.393(9)  
            C(150)-N(13)                  1.442(8)  
            C(151)-C(152)                 1.416(10)  
            C(151)-H(151)                 0.9500  
            C(152)-C(153)                 1.354(11)  
            C(152)-H(152)                 0.9500  
            C(153)-C(154)                 1.406(11)  
            C(153)-H(153)                 0.9500  
            C(154)-C(155)                 1.404(9)  
            C(154)-H(154)                 0.9500  
            C(155)-H(155)                 0.9500  
            C(156)-C(161)                 1.377(10)  
            C(156)-C(157)                 1.382(10)  
            C(156)-N(13)                  1.449(8)  
            C(157)-C(158)                 1.373(10)  
            C(157)-H(157)                 0.9500  
            C(158)-C(159)                 1.365(11)  
            C(158)-H(158)                 0.9500  
            C(159)-C(160)                 1.392(11)  
            C(159)-H(159)                 0.9500  
            C(160)-C(161)                 1.386(10)  
            C(160)-H(160)                 0.9500  
            C(161)-H(161)                 0.9500  
            C(201)-C(213)                 1.534(10)  
            C(201)-C(237)                 1.535(10)  
            C(201)-C(202)                 1.539(9)  
            C(201)-C(226)                 1.544(9)  
            C(202)-C(203)                 1.386(9)  
            C(202)-C(207)                 1.408(10)  
            C(203)-C(204)                 1.425(9)  
            C(203)-H(203)                 0.9500  
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            C(204)-C(205)                 1.396(10)  
            C(204)-C(214)                 1.445(10)  
            C(205)-C(206)                 1.380(9)  
            C(205)-H(205)                 0.9500  
            C(206)-C(207)                 1.401(9)  
            C(206)-H(206)                 0.9500  
            C(207)-C(208)                 1.473(10)  
            C(208)-C(209)                 1.355(10)  
            C(208)-C(213)                 1.424(10)  
            C(209)-C(210)                 1.392(9)  
            C(209)-H(209)                 0.9500  
            C(210)-C(211)                 1.392(10)  
            C(210)-H(210)                 0.9500  
            C(211)-C(212)                 1.391(10)  
            C(211)-H(211)                 0.9500  
            C(212)-C(213)                 1.379(9)  
            C(212)-H(212)                 0.9500  
            C(214)-N(21)                  1.302(9)  
            C(214)-O(3)                   1.380(9)  
            C(215)-N(22)                  1.291(10)  
            C(215)-O(3)                   1.380(8)  
            C(215)-C(216)                 1.464(11)  
            C(216)-C(217)                 1.382(10)  
            C(216)-C(221)                 1.398(10)  
            C(217)-C(218)                 1.404(12)  
            C(217)-H(217)                 0.9500  
            C(218)-C(219)                 1.396(12)  
            C(218)-H(218)                 0.9500  
            C(219)-C(220)                 1.408(11)  
            C(219)-C(222)                 1.527(12)  
            C(220)-C(221)                 1.392(11)  
            C(220)-H(220)                 0.9500  
            C(221)-H(221)                 0.9500  
            C(222)-C(224)                 1.528(12)  
            C(222)-C(225)                 1.530(11)  
            C(222)-C(223)                 1.535(12)  
            C(223)-H(223)                 0.9800  
            C(223)-H(223)                 0.9800  
            C(223)-H(223)                 0.9800  
            C(224)-H(224)                 0.9800  
            C(224)-H(224)                 0.9800  
            C(224)-H(224)                 0.9800  
            C(225)-H(225)                 0.9800  
            C(225)-H(225)                 0.9800  
            C(225)-H(225)                 0.9800  
            C(226)-C(227)                 1.371(9)  
            C(226)-C(231)                 1.393(10)  
            C(227)-C(228)                 1.397(9)  
            C(227)-H(227)                 0.9500  
            C(228)-N(23)                  1.414(9)  
            C(228)-C(229)                 1.428(10)  
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            C(229)-C(230)                 1.391(9)  
            C(229)-H(229)                 0.9500  
            C(230)-C(231)                 1.389(9)  
            C(230)-H(230)                 0.9500  
            C(231)-C(232)                 1.456(9)  
            C(232)-C(233)                 1.393(10)  
            C(232)-C(237)                 1.413(10)  
            C(233)-C(234)                 1.390(9)  
            C(233)-H(233)                 0.9500  
            C(234)-C(235)                 1.405(9)  
            C(234)-H(234)                 0.9500  
            C(235)-C(236)                 1.378(9)  
            C(235)-N(24)                  1.419(8)  
            C(236)-C(237)                 1.400(9)  
            C(236)-H(236)                 0.9500  
            C(238)-C(239)                 1.368(12)  
            C(238)-C(243)                 1.389(11)  
            C(238)-N(24)                  1.447(10)  
            C(239)-C(240)                 1.433(15)  
            C(239)-H(239)                 0.9500  
            C(240)-C(241)                 1.387(18)  
            C(240)-H(240)                 0.9500  
            C(241)-C(242)                 1.32(2)  
            C(241)-H(241)                 0.9500  
            C(242)-C(243)                 1.501(16)  
            C(242)-H(242)                 0.9500  
            C(243)-H(243)                 0.9500  
            C(244)-C(249)                 1.393(11)  
            C(244)-C(245)                 1.420(10)  
            C(244)-N(24)                  1.420(10)  
            C(245)-C(246)                 1.382(12)  
            C(245)-H(245)                 0.9500  
            C(246)-C(247)                 1.375(13)  
            C(246)-H(246)                 0.9500  
            C(247)-C(248)                 1.431(12)  
            C(247)-H(247)                 0.9500  
            C(248)-C(249)                 1.381(11)  
            C(248)-H(248)                 0.9500  
            C(249)-H(249)                 0.9500  
            C(250)-C(251)                 1.378(9)  
            C(250)-C(255)                 1.391(9)  
            C(250)-N(23)                  1.451(8)  
            C(251)-C(252)                 1.413(9)  
            C(251)-H(251)                 0.9500  
            C(252)-C(253)                 1.363(9)  
            C(252)-H(252)                 0.9500  
            C(253)-C(254)                 1.363(10)  
            C(253)-H(253)                 0.9500  
            C(254)-C(255)                 1.423(9)  
            C(254)-H(254)                 0.9500  
            C(255)-H(255)                 0.9500  
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            C(256)-C(257)                 1.371(9)  
            C(256)-C(261)                 1.386(10)  
            C(256)-N(23)                  1.436(9)  
            C(257)-C(258)                 1.383(11)  
            C(257)-H(257)                 0.9500  
            C(258)-C(259)                 1.367(11)  
            C(258)-H(258)                 0.9500  
            C(259)-C(260)                 1.373(10)  
            C(259)-H(259)                 0.9500  
            C(260)-C(261)                 1.358(10)  
            C(260)-H(260)                 0.9500  
            C(261)-H(261)                 0.9500  
            C(301)-C(337)                 1.505(10)  
            C(301)-C(313)                 1.524(10)  
            C(301)-C(326)                 1.537(9)  
            C(301)-C(302)                 1.539(9)  
            C(302)-C(303)                 1.391(9)  
            C(302)-C(307)                 1.400(10)  
            C(303)-C(304)                 1.414(9)  
            C(303)-H(303)                 0.9500  
            C(304)-C(305)                 1.406(10)  
            C(304)-C(314)                 1.460(10)  
            C(305)-C(306)                 1.378(9)  
            C(305)-H(305)                 0.9500  
            C(306)-C(307)                 1.406(9)  
            C(306)-H(306)                 0.9500  
            C(307)-C(308)                 1.460(9)  
            C(308)-C(309)                 1.396(10)  
            C(308)-C(313)                 1.406(10)  
            C(309)-C(310)                 1.390(10)  
            C(309)-H(309)                 0.9500  
            C(310)-C(311)                 1.416(11)  
            C(310)-H(310)                 0.9500  
            C(311)-C(312)                 1.391(11)  
            C(311)-H(311)                 0.9500  
            C(312)-C(313)                 1.376(9)  
            C(312)-H(312)                 0.9500  
            C(314)-N(31)                  1.289(9)  
            C(314)-O(4)                   1.380(9)  
            C(315)-N(32)                  1.280(9)  
            C(315)-O(4)                   1.388(8)  
            C(315)-C(316)                 1.490(10)  
            C(316)-C(321)                 1.382(10)  
            C(316)-C(317)                 1.407(9)  
            C(317)-C(318)                 1.374(10)  
            C(317)-H(317)                 0.9500  
            C(318)-C(319)                 1.383(10)  
            C(318)-H(318)                 0.9500  
            C(319)-C(320)                 1.389(10)  
            C(319)-C(322)                 1.528(11)  
            C(320)-C(321)                 1.410(10)  



APPENDIX
   

 196

            C(320)-H(320)                 0.9500  
            C(321)-H(321)                 0.9500  
            C(322)-C(323)                 1.542(10)  
            C(322)-C(324)                 1.547(10)  
            C(322)-C(325)                 1.567(9)  
            C(323)-H(323)                 0.9800  
            C(323)-H(323)                 0.9800  
            C(323)-H(323)                 0.9800  
            C(324)-H(324)                 0.9800  
            C(324)-H(324)                 0.9800  
            C(324)-H(324)                 0.9800  
            C(325)-H(325)                 0.9800  
            C(325)-H(325)                 0.9800  
            C(325)-H(325)                 0.9800  
            C(326)-C(327)                 1.383(10)  
            C(326)-C(331)                 1.402(10)  
            C(327)-C(328)                 1.391(9)  
            C(327)-H(327)                 0.9500  
            C(328)-C(329)                 1.400(10)  
            C(328)-N(33)                  1.400(9)  
            C(329)-C(330)                 1.381(10)  
            C(329)-H(329)                 0.9500  
            C(330)-C(331)                 1.408(9)  
            C(330)-H(330)                 0.9500  
            C(331)-C(332)                 1.455(10)  
            C(332)-C(333)                 1.380(10)  
            C(332)-C(337)                 1.423(9)  
            C(333)-C(334)                 1.399(9)  
            C(333)-H(333)                 0.9500  
            C(334)-C(335)                 1.424(10)  
            C(334)-H(334)                 0.9500  
            C(335)-C(336)                 1.369(10)  
            C(335)-N(34)                  1.422(8)  
            C(336)-C(337)                 1.410(9)  
            C(336)-H(336)                 0.9500  
            C(338)-C(343)                 1.370(9)  
            C(338)-C(339)                 1.370(10)  
            C(338)-N(34)                  1.435(9)  
            C(339)-C(340)                 1.371(11)  
            C(339)-H(339)                 0.9500  
            C(340)-C(341)                 1.392(11)  
            C(340)-H(340)                 0.9500  
            C(341)-C(342)                 1.375(11)  
            C(341)-H(341)                 0.9500  
            C(342)-C(343)                 1.413(10)  
            C(342)-H(342)                 0.9500  
            C(343)-H(343)                 0.9500  
            C(344)-C(349)                 1.386(10)  
            C(344)-C(345)                 1.393(9)  
            C(344)-N(34)                  1.423(9)  
            C(345)-C(346)                 1.368(11)  
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            C(345)-H(345)                 0.9500  
            C(346)-C(347)                 1.399(13)  
            C(346)-H(346)                 0.9500  
            C(347)-C(348)                 1.371(11)  
            C(347)-H(347)                 0.9500  
            C(348)-C(349)                 1.385(10)  
            C(348)-H(348)                 0.9500  
            C(349)-H(349)                 0.9500  
            C(350)-C(355)                 1.386(9)  
            C(350)-C(351)                 1.394(9)  
            C(350)-N(33)                  1.439(8)  
            C(351)-C(352)                 1.416(10)  
            C(351)-H(351)                 0.9500  
            C(352)-C(353)                 1.360(10)  
            C(352)-H(352)                 0.9500  
            C(353)-C(354)                 1.376(11)  
            C(353)-H(353)                 0.9500  
            C(354)-C(355)                 1.408(9)  
            C(354)-H(354)                 0.9500  
            C(355)-H(355)                 0.9500  
            C(356)-C(361)                 1.352(11)  
            C(356)-C(357)                 1.421(10)  
            C(356)-N(33)                  1.449(9)  
            C(357)-C(358)                 1.409(10)  
            C(357)-H(357)                 0.9500  
            C(358)-C(359)                 1.337(11)  
            C(358)-H(358)                 0.9500  
            C(359)-C(360)                 1.389(11)  
            C(359)-H(359)                 0.9500  
            C(360)-C(361)                 1.386(10)  
            C(360)-H(360)                 0.9500  
            C(361)-H(361)                 0.9500  
            N(1)-N(2)                     1.415(8)  
            N(11)-N(12)                   1.425(9)  
            N(21)-N(22)                   1.436(9)  
            N(31)-N(32)                   1.408(9)  
            C(37)-C(1)-C(2)             116.9(6)  
            C(37)-C(1)-C(13)            112.6(6)  
            C(2)-C(1)-C(13)             100.5(6)  
            C(37)-C(1)-C(26)            102.1(6)  
            C(2)-C(1)-C(26)             112.2(5)  
            C(13)-C(1)-C(26)            113.1(6)  
            C(3)-C(2)-C(7)              121.5(6)  
            C(3)-C(2)-C(1)              127.0(7)  
            C(7)-C(2)-C(1)              111.4(6)  
            C(2)-C(3)-C(4)              117.3(7)  
            C(2)-C(3)-H(3A)             121.4  
            C(4)-C(3)-H(3A)             121.4  
            C(5)-C(4)-C(3)              120.9(7)  
            C(5)-C(4)-C(14)             118.5(7)  
            C(3)-C(4)-C(14)             120.5(7)  
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            C(6)-C(5)-C(4)              121.5(7)  
            C(6)-C(5)-H(5A)             119.3  
            C(4)-C(5)-H(5A)             119.3  
            C(5)-C(6)-C(7)              117.6(7)  
            C(5)-C(6)-H(6A)             121.2  
            C(7)-C(6)-H(6A)             121.2  
            C(2)-C(7)-C(6)              121.1(7)  
            C(2)-C(7)-C(8)              109.1(6)  
            C(6)-C(7)-C(8)              129.9(7)  
            C(9)-C(8)-C(13)             119.8(7)  
            C(9)-C(8)-C(7)              132.3(7)  
            C(13)-C(8)-C(7)             107.9(6)  
            C(8)-C(9)-C(10)             120.6(7)  
            C(8)-C(9)-H(9A)             119.7  
            C(10)-C(9)-H(9A)            119.7  
            C(9)-C(10)-C(11)            119.1(7)  
            C(9)-C(10)-H(10A)           120.4  
            C(11)-C(10)-H(10A)          120.4  
            C(12)-C(11)-C(10)           120.4(7)  
            C(12)-C(11)-H(11A)          119.8  
            C(10)-C(11)-H(11A)          119.8  
            C(13)-C(12)-C(11)           119.7(7)  
            C(13)-C(12)-H(12A)          120.1  
            C(11)-C(12)-H(12A)          120.1  
            C(12)-C(13)-C(8)            120.3(7)  
            C(12)-C(13)-C(1)            128.7(7)  
            C(8)-C(13)-C(1)             110.8(6)  
            N(1)-C(14)-O(1)             113.8(7)  
            N(1)-C(14)-C(4)             127.1(8)  
            O(1)-C(14)-C(4)             119.1(6)  
            N(2)-C(15)-O(1)             111.2(7)  
            N(2)-C(15)-C(16)            128.1(7)  
            O(1)-C(15)-C(16)            120.5(7)  
            C(21)-C(16)-C(17)           119.8(7)  
            C(21)-C(16)-C(15)           120.7(6)  
            C(17)-C(16)-C(15)           119.1(7)  
            C(16)-C(17)-C(18)           119.3(7)  
            C(16)-C(17)-H(17A)          120.3  
            C(18)-C(17)-H(17A)          120.3  
            C(19)-C(18)-C(17)           121.1(7)  
            C(19)-C(18)-H(18A)          119.5  
            C(17)-C(18)-H(18A)          119.5  
            C(20)-C(19)-C(18)           117.8(8)  
            C(20)-C(19)-C(22)           122.6(7)  
            C(18)-C(19)-C(22)           119.6(7)  
            C(21)-C(20)-C(19)           123.2(7)  
            C(21)-C(20)-H(20A)          118.4  
            C(19)-C(20)-H(20A)          118.4  
            C(20)-C(21)-C(16)           118.8(7)  
            C(20)-C(21)-H(21A)          120.6  
            C(16)-C(21)-H(21A)          120.6  
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            C(24)-C(22)-C(19)           112.3(6)  
            C(24)-C(22)-C(25)           108.1(7)  
            C(19)-C(22)-C(25)           106.8(6)  
            C(24)-C(22)-C(23)           109.7(7)  
            C(19)-C(22)-C(23)           110.4(6)  
            C(25)-C(22)-C(23)           109.5(7)  
            C(22)-C(23)-H(23A)          109.5  
            C(22)-C(23)-H(23B)          109.5  
            H(23A)-C(23)-H(23B)         109.5  
            C(22)-C(23)-H(23C)          109.5  
            H(23A)-C(23)-H(23C)         109.5  
            H(23B)-C(23)-H(23C)         109.5  
            C(22)-C(24)-H(24A)          109.5  
            C(22)-C(24)-H(24B)          109.5  
            H(24A)-C(24)-H(24B)         109.5  
            C(22)-C(24)-H(24C)          109.5  
            H(24A)-C(24)-H(24C)         109.5  
            H(24B)-C(24)-H(24C)         109.5  
            C(22)-C(25)-H(25C)          109.5  
            C(22)-C(25)-H(25B)          109.5  
            H(25C)-C(25)-H(25B)         109.5  
            C(22)-C(25)-H(25A)          109.5  
            H(25C)-C(25)-H(25A)         109.5  
            H(25B)-C(25)-H(25A)         109.5  
            C(27)-C(26)-C(31)           122.5(7)  
            C(27)-C(26)-C(1)            127.9(7)  
            C(31)-C(26)-C(1)            109.6(6)  
            C(26)-C(27)-C(28)           118.8(7)  
            C(26)-C(27)-H(27A)          120.6  
            C(28)-C(27)-H(27A)          120.6  
            C(29)-C(28)-N(3)            122.2(6)  
            C(29)-C(28)-C(27)           118.3(7)  
            N(3)-C(28)-C(27)            119.5(7)  
            C(30)-C(29)-C(28)           122.4(6)  
            C(30)-C(29)-H(29A)          118.8  
            C(28)-C(29)-H(29A)          118.8  
            C(29)-C(30)-C(31)           120.3(7)  
            C(29)-C(30)-H(30A)          119.8  
            C(31)-C(30)-H(30A)          119.8  
            C(30)-C(31)-C(26)           117.7(6)  
            C(30)-C(31)-C(32)           133.7(7)  
            C(26)-C(31)-C(32)           108.5(6)  
            C(33)-C(32)-C(37)           119.6(6)  
            C(33)-C(32)-C(31)           131.3(7)  
            C(37)-C(32)-C(31)           109.1(6)  
            C(32)-C(33)-C(34)           119.6(7)  
            C(32)-C(33)-H(33A)          120.2  
            C(34)-C(33)-H(33A)          120.2  
            C(33)-C(34)-C(35)           120.4(7)  
            C(33)-C(34)-H(34A)          119.8  
            C(35)-C(34)-H(34A)          119.8  
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            C(34)-C(35)-C(36)           119.0(6)  
            C(34)-C(35)-N(4)            120.6(7)  
            C(36)-C(35)-N(4)            120.3(7)  
            C(37)-C(36)-C(35)           118.9(7)  
            C(37)-C(36)-H(36A)          120.5  
            C(35)-C(36)-H(36A)          120.5  
            C(36)-C(37)-C(32)           122.1(7)  
            C(36)-C(37)-C(1)            126.7(7)  
            C(32)-C(37)-C(1)            110.7(6)  
            C(43)-C(38)-C(39)           120.3(8)  
            C(43)-C(38)-N(4)            120.9(7)  
            C(39)-C(38)-N(4)            118.8(7)  
            C(38)-C(39)-C(40)           117.9(8)  
            C(38)-C(39)-H(39A)          121.1  
            C(40)-C(39)-H(39A)          121.1  
            C(41)-C(40)-C(39)           122.0(8)  
            C(41)-C(40)-H(40A)          119.0  
            C(39)-C(40)-H(40A)          119.0  
            C(42)-C(41)-C(40)           118.4(9)  
            C(42)-C(41)-H(41A)          120.8  
            C(40)-C(41)-H(41A)          120.8  
            C(41)-C(42)-C(43)           120.2(8)  
            C(41)-C(42)-H(42A)          119.9  
            C(43)-C(42)-H(42A)          119.9  
            C(38)-C(43)-C(42)           121.1(8)  
            C(38)-C(43)-H(43A)          119.4  
            C(42)-C(43)-H(43A)          119.4  
            C(49)-C(44)-C(45)           118.4(7)  
            C(49)-C(44)-N(4)            122.7(6)  
            C(45)-C(44)-N(4)            119.0(7)  
            C(46)-C(45)-C(44)           120.0(8)  
            C(46)-C(45)-H(45A)          120.0  
            C(44)-C(45)-H(45A)          120.0  
            C(47)-C(46)-C(45)           120.0(8)  
            C(47)-C(46)-H(46A)          120.0  
            C(45)-C(46)-H(46A)          120.0  
            C(48)-C(47)-C(46)           120.0(8)  
            C(48)-C(47)-H(47A)          120.0  
            C(46)-C(47)-H(47A)          120.0  
            C(47)-C(48)-C(49)           120.3(8)  
            C(47)-C(48)-H(48A)          119.8  
            C(49)-C(48)-H(48A)          119.8  
            C(48)-C(49)-C(44)           121.3(7)  
            C(48)-C(49)-H(49A)          119.4  
            C(44)-C(49)-H(49A)          119.4  
            C(55)-C(50)-C(51)           121.0(6)  
            C(55)-C(50)-N(3)            118.7(6)  
            C(51)-C(50)-N(3)            120.1(6)  
            C(50)-C(51)-C(52)           116.3(6)  
            C(50)-C(51)-H(51A)          121.8  
            C(52)-C(51)-H(51A)          121.8  
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            C(53)-C(52)-C(51)           123.3(7)  
            C(53)-C(52)-H(52A)          118.4  
            C(51)-C(52)-H(52A)          118.4  
            C(52)-C(53)-C(54)           118.2(7)  
            C(52)-C(53)-H(53A)          120.9  
            C(54)-C(53)-H(53A)          120.9  
            C(53)-C(54)-C(55)           121.3(7)  
            C(53)-C(54)-H(54A)          119.4  
            C(55)-C(54)-H(54A)          119.4  
            C(50)-C(55)-C(54)           119.9(7)  
            C(50)-C(55)-H(55A)          120.1  
            C(54)-C(55)-H(55A)          120.1  
            C(57)-C(56)-C(61)           120.2(7)  
            C(57)-C(56)-N(3)            121.8(7)  
            C(61)-C(56)-N(3)            117.7(6)  
            C(56)-C(57)-C(58)           119.9(8)  
            C(56)-C(57)-H(57A)          120.0  
            C(58)-C(57)-H(57A)          120.0  
            C(59)-C(58)-C(57)           120.4(7)  
            C(59)-C(58)-H(58A)          119.8  
            C(57)-C(58)-H(58A)          119.8  
            C(58)-C(59)-C(60)           119.4(8)  
            C(58)-C(59)-H(59A)          120.3  
            C(60)-C(59)-H(59A)          120.3  
            C(59)-C(60)-C(61)           119.3(8)  
            C(59)-C(60)-H(60A)          120.3  
            C(61)-C(60)-H(60A)          120.3  
            C(56)-C(61)-C(60)           120.8(7)  
            C(56)-C(61)-H(61A)          119.6  
            C(60)-C(61)-H(61A)          119.6  
            C(137)-C(101)-C(113)        114.3(6)  
            C(137)-C(101)-C(126)        101.6(6)  
            C(113)-C(101)-C(126)        115.1(6)  
            C(137)-C(101)-C(102)        116.6(6)  
            C(113)-C(101)-C(102)        100.6(6)  
            C(126)-C(101)-C(102)        109.2(5)  
            C(103)-C(102)-C(107)        121.3(6)  
            C(103)-C(102)-C(101)        128.8(7)  
            C(107)-C(102)-C(101)        109.8(6)  
            C(102)-C(103)-C(104)        118.7(7)  
            C(102)-C(103)-H(103)        120.6  
            C(104)-C(103)-H(103)        120.6  
            C(103)-C(104)-C(105)        120.3(7)  
            C(103)-C(104)-C(114)        121.8(7)  
            C(105)-C(104)-C(114)        117.9(6)  
            C(106)-C(105)-C(104)        120.8(7)  
            C(106)-C(105)-H(105)        119.6  
            C(104)-C(105)-H(105)        119.6  
            C(105)-C(106)-C(107)        118.6(7)  
            C(105)-C(106)-H(106)        120.7  
            C(107)-C(106)-H(106)        120.7  
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            C(102)-C(107)-C(106)        120.2(7)  
            C(102)-C(107)-C(108)        108.7(6)  
            C(106)-C(107)-C(108)        131.1(7)  
            C(113)-C(108)-C(109)        121.3(7)  
            C(113)-C(108)-C(107)        108.7(7)  
            C(109)-C(108)-C(107)        129.9(7)  
            C(110)-C(109)-C(108)        118.3(7)  
            C(110)-C(109)-H(109)        120.8  
            C(108)-C(109)-H(109)        120.8  
            C(109)-C(110)-C(111)        119.9(8)  
            C(109)-C(110)-H(110)        120.1  
            C(111)-C(110)-H(110)        120.1  
            C(112)-C(111)-C(110)        121.9(8)  
            C(112)-C(111)-H(111)        119.1  
            C(110)-C(111)-H(111)        119.1  
            C(111)-C(112)-C(113)        117.8(8)  
            C(111)-C(112)-H(112)        121.1  
            C(113)-C(112)-H(112)        121.1  
            C(108)-C(113)-C(112)        120.8(7)  
            C(108)-C(113)-C(101)        111.6(6)  
            C(112)-C(113)-C(101)        127.6(7)  
            N(12)-C(114)-O(2)           112.0(7)  
            N(12)-C(114)-C(104)         129.1(8)  
            O(2)-C(114)-C(104)          118.9(6)  
            N(11)-C(115)-O(2)           113.5(7)  
            N(11)-C(115)-C(116)         129.2(7)  
            O(2)-C(115)-C(116)          117.3(7)  
            C(121)-C(116)-C(117)        118.3(8)  
            C(121)-C(116)-C(115)        122.7(7)  
            C(117)-C(116)-C(115)        119.0(7)  
            C(116)-C(117)-C(118)        121.2(7)  
            C(116)-C(117)-H(117)        119.4  
            C(118)-C(117)-H(117)        119.4  
            C(117)-C(118)-C(119)        120.4(7)  
            C(117)-C(118)-H(118)        119.8  
            C(119)-C(118)-H(118)        119.8  
            C(120)-C(119)-C(118)        117.5(8)  
            C(120)-C(119)-C(122)        123.7(7)  
            C(118)-C(119)-C(122)        118.7(7)  
            C(119)-C(120)-C(121)        122.3(7)  
            C(119)-C(120)-H(120)        118.8  
            C(121)-C(120)-H(120)        118.8  
            C(116)-C(121)-C(120)        120.3(7)  
            C(116)-C(121)-H(121)        119.9  
            C(120)-C(121)-H(121)        119.9  
            C(124)-C(122)-C(119)        112.1(6)  
            C(124)-C(122)-C(125)        108.2(7)  
            C(119)-C(122)-C(125)        110.6(6)  
            C(124)-C(122)-C(123)        108.2(6)  
            C(119)-C(122)-C(123)        108.5(6)  
            C(125)-C(122)-C(123)        109.2(6)  
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            C(122)-C(123)-H(123)        109.5  
            C(122)-C(123)-H(123)        109.5  
            H(123)-C(123)-H(123)        109.5  
            C(122)-C(123)-H(123)        109.5  
            H(123)-C(123)-H(123)        109.5  
            H(123)-C(123)-H(123)        109.5  
            C(122)-C(124)-H(124)        109.5  
            C(122)-C(124)-H(124)        109.5  
            H(124)-C(124)-H(124)        109.5  
            C(122)-C(124)-H(124)        109.5  
            H(124)-C(124)-H(124)        109.5  
            H(124)-C(124)-H(124)        109.5  
            C(122)-C(125)-H(125)        109.5  
            C(122)-C(125)-H(125)        109.5  
            H(125)-C(125)-H(125)        109.5  
            C(122)-C(125)-H(125)        109.5  
            H(125)-C(125)-H(125)        109.5  
            H(125)-C(125)-H(125)        109.5  
            C(127)-C(126)-C(131)        121.0(7)  
            C(127)-C(126)-C(101)        127.5(7)  
            C(131)-C(126)-C(101)        111.5(6)  
            C(126)-C(127)-C(128)        119.3(7)  
            C(126)-C(127)-H(127)        120.4  
            C(128)-C(127)-H(127)        120.4  
            C(129)-C(128)-N(13)         124.2(6)  
            C(129)-C(128)-C(127)        119.1(7)  
            N(13)-C(128)-C(127)         116.6(7)  
            C(130)-C(129)-C(128)        122.4(7)  
            C(130)-C(129)-H(129)        118.8  
            C(128)-C(129)-H(129)        118.8  
            C(129)-C(130)-C(131)        118.3(7)  
            C(129)-C(130)-H(130)        120.8  
            C(131)-C(130)-H(130)        120.8  
            C(130)-C(131)-C(126)        119.8(7)  
            C(130)-C(131)-C(132)        133.0(7)  
            C(126)-C(131)-C(132)        107.1(6)  
            C(133)-C(132)-C(137)        118.5(6)  
            C(133)-C(132)-C(131)        132.2(7)  
            C(137)-C(132)-C(131)        109.3(6)  
            C(132)-C(133)-C(134)        120.9(7)  
            C(132)-C(133)-H(133)        119.5  
            C(134)-C(133)-H(133)        119.5  
            C(133)-C(134)-C(135)        119.1(7)  
            C(133)-C(134)-H(134)        120.4  
            C(135)-C(134)-H(134)        120.4  
            C(136)-C(135)-C(134)        120.2(7)  
            C(136)-C(135)-N(14)         118.8(7)  
            C(134)-C(135)-N(14)         121.0(7)  
            C(137)-C(136)-C(135)        120.5(7)  
            C(137)-C(136)-H(136)        119.8  
            C(135)-C(136)-H(136)        119.8  
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            C(136)-C(137)-C(132)        120.6(7)  
            C(136)-C(137)-C(101)        128.6(7)  
            C(132)-C(137)-C(101)        110.5(6)  
            C(143)-C(138)-C(139)        120.8(9)  
            C(143)-C(138)-N(14)         120.0(8)  
            C(139)-C(138)-N(14)         119.2(8)  
            C(138)-C(139)-C(140)        119.7(10)  
            C(138)-C(139)-H(139)        120.2  
            C(140)-C(139)-H(139)        120.2  
            C(141)-C(140)-C(139)        119.6(10)  
            C(141)-C(140)-H(140)        120.2  
            C(139)-C(140)-H(140)        120.2  
            C(142)-C(141)-C(140)        119.1(11)  
            C(142)-C(141)-H(141)        120.5  
            C(140)-C(141)-H(141)        120.5  
            C(141)-C(142)-C(143)        121.8(11)  
            C(141)-C(142)-H(142)        119.1  
            C(143)-C(142)-H(142)        119.1  
            C(138)-C(143)-C(142)        119.2(10)  
            C(138)-C(143)-H(143)        120.4  
            C(142)-C(143)-H(143)        120.4  
            C(145)-C(144)-N(14)         121.2(7)  
            C(145)-C(144)-C(149)        118.5(7)  
            N(14)-C(144)-C(149)         120.3(6)  
            C(146)-C(145)-C(144)        121.3(8)  
            C(146)-C(145)-H(145)        119.3  
            C(144)-C(145)-H(145)        119.3  
            C(145)-C(146)-C(147)        121.2(8)  
            C(145)-C(146)-H(146)        119.4  
            C(147)-C(146)-H(146)        119.4  
            C(148)-C(147)-C(146)        116.5(9)  
            C(148)-C(147)-H(147)        121.8  
            C(146)-C(147)-H(147)        121.8  
            C(149)-C(148)-C(147)        122.8(9)  
            C(149)-C(148)-H(148)        118.6  
            C(147)-C(148)-H(148)        118.6  
            C(148)-C(149)-C(144)        119.7(7)  
            C(148)-C(149)-H(149)        120.2  
            C(144)-C(149)-H(149)        120.2  
            C(151)-C(150)-C(155)        120.2(7)  
            C(151)-C(150)-N(13)         120.3(6)  
            C(155)-C(150)-N(13)         119.4(6)  
            C(150)-C(151)-C(152)        118.9(7)  
            C(150)-C(151)-H(151)        120.6  
            C(152)-C(151)-H(151)        120.6  
            C(153)-C(152)-C(151)        120.4(8)  
            C(153)-C(152)-H(152)        119.8  
            C(151)-C(152)-H(152)        119.8  
            C(152)-C(153)-C(154)        122.0(7)  
            C(152)-C(153)-H(153)        119.0  
            C(154)-C(153)-H(153)        119.0  
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            C(155)-C(154)-C(153)        117.1(7)  
            C(155)-C(154)-H(154)        121.4  
            C(153)-C(154)-H(154)        121.4  
            C(150)-C(155)-C(154)        121.3(7)  
            C(150)-C(155)-H(155)        119.4  
            C(154)-C(155)-H(155)        119.4  
            C(161)-C(156)-C(157)        120.4(7)  
            C(161)-C(156)-N(13)         121.0(7)  
            C(157)-C(156)-N(13)         118.6(7)  
            C(158)-C(157)-C(156)        120.5(8)  
            C(158)-C(157)-H(157)        119.7  
            C(156)-C(157)-H(157)        119.7  
            C(159)-C(158)-C(157)        119.9(8)  
            C(159)-C(158)-H(158)        120.1  
            C(157)-C(158)-H(158)        120.1  
            C(158)-C(159)-C(160)        119.9(8)  
            C(158)-C(159)-H(159)        120.0  
            C(160)-C(159)-H(159)        120.0  
            C(161)-C(160)-C(159)        120.4(8)  
            C(161)-C(160)-H(160)        119.8  
            C(159)-C(160)-H(160)        119.8  
            C(156)-C(161)-C(160)        118.8(8)  
            C(156)-C(161)-H(161)        120.6  
            C(160)-C(161)-H(161)        120.6  
            C(213)-C(201)-C(237)        111.6(6)  
            C(213)-C(201)-C(202)        100.7(6)  
            C(237)-C(201)-C(202)        116.5(6)  
            C(213)-C(201)-C(226)        113.9(6)  
            C(237)-C(201)-C(226)        101.2(6)  
            C(202)-C(201)-C(226)        113.6(5)  
            C(203)-C(202)-C(207)        121.7(7)  
            C(203)-C(202)-C(201)        127.6(7)  
            C(207)-C(202)-C(201)        110.5(6)  
            C(202)-C(203)-C(204)        117.7(7)  
            C(202)-C(203)-H(203)        121.1  
            C(204)-C(203)-H(203)        121.1  
            C(205)-C(204)-C(203)        119.8(7)  
            C(205)-C(204)-C(214)        119.6(7)  
            C(203)-C(204)-C(214)        120.5(7)  
            C(206)-C(205)-C(204)        122.1(7)  
            C(206)-C(205)-H(205)        118.9  
            C(204)-C(205)-H(205)        118.9  
            C(205)-C(206)-C(207)        118.5(8)  
            C(205)-C(206)-H(206)        120.8  
            C(207)-C(206)-H(206)        120.8  
            C(206)-C(207)-C(202)        120.1(7)  
            C(206)-C(207)-C(208)        130.0(7)  
            C(202)-C(207)-C(208)        109.9(6)  
            C(209)-C(208)-C(213)        121.3(7)  
            C(209)-C(208)-C(207)        131.9(7)  
            C(213)-C(208)-C(207)        106.8(6)  
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            C(208)-C(209)-C(210)        118.7(7)  
            C(208)-C(209)-H(209)        120.7  
            C(210)-C(209)-H(209)        120.7  
            C(209)-C(210)-C(211)        121.1(7)  
            C(209)-C(210)-H(210)        119.4  
            C(211)-C(210)-H(210)        119.4  
            C(212)-C(211)-C(210)        120.0(7)  
            C(212)-C(211)-H(211)        120.0  
            C(210)-C(211)-H(211)        120.0  
            C(213)-C(212)-C(211)        119.3(7)  
            C(213)-C(212)-H(212)        120.3  
            C(211)-C(212)-H(212)        120.3  
            C(212)-C(213)-C(208)        119.5(7)  
            C(212)-C(213)-C(201)        128.5(7)  
            C(208)-C(213)-C(201)        111.9(6)  
            N(21)-C(214)-O(3)           113.5(7)  
            N(21)-C(214)-C(204)         127.6(8)  
            O(3)-C(214)-C(204)          118.8(7)  
            N(22)-C(215)-O(3)           112.6(7)  
            N(22)-C(215)-C(216)         128.3(7)  
            O(3)-C(215)-C(216)          119.0(8)  
            C(217)-C(216)-C(221)        121.3(8)  
            C(217)-C(216)-C(215)        117.4(8)  
            C(221)-C(216)-C(215)        121.1(7)  
            C(216)-C(217)-C(218)        119.2(9)  
            C(216)-C(217)-H(217)        120.4  
            C(218)-C(217)-H(217)        120.4  
            C(219)-C(218)-C(217)        120.9(8)  
            C(219)-C(218)-H(218)        119.6  
            C(217)-C(218)-H(218)        119.6  
            C(218)-C(219)-C(220)        118.5(8)  
            C(218)-C(219)-C(222)        122.2(8)  
            C(220)-C(219)-C(222)        119.1(9)  
            C(221)-C(220)-C(219)        121.1(9)  
            C(221)-C(220)-H(220)        119.5  
            C(219)-C(220)-H(220)        119.5  
            C(220)-C(221)-C(216)        118.9(8)  
            C(220)-C(221)-H(221)        120.6  
            C(216)-C(221)-H(221)        120.6  
            C(224)-C(222)-C(219)        111.6(7)  
            C(224)-C(222)-C(225)        109.1(10)  
            C(219)-C(222)-C(225)        109.5(7)  
            C(224)-C(222)-C(223)        106.0(9)  
            C(219)-C(222)-C(223)        113.1(8)  
            C(225)-C(222)-C(223)        107.3(7)  
            C(222)-C(223)-H(223)        109.5  
            C(222)-C(223)-H(223)        109.5  
            H(223)-C(223)-H(223)        109.5  
            C(222)-C(223)-H(223)        109.5  
            H(223)-C(223)-H(223)        109.5  
            H(223)-C(223)-H(223)        109.5  
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            C(222)-C(224)-H(224)        109.5  
            C(222)-C(224)-H(224)        109.5  
            H(224)-C(224)-H(224)        109.5  
            C(222)-C(224)-H(224)        109.5  
            H(224)-C(224)-H(224)        109.5  
            H(224)-C(224)-H(224)        109.5  
            C(222)-C(225)-H(225)        109.5  
            C(222)-C(225)-H(225)        109.5  
            H(225)-C(225)-H(225)        109.5  
            C(222)-C(225)-H(225)        109.5  
            H(225)-C(225)-H(225)        109.5  
            H(225)-C(225)-H(225)        109.5  
            C(227)-C(226)-C(231)        122.4(6)  
            C(227)-C(226)-C(201)        127.2(7)  
            C(231)-C(226)-C(201)        110.4(6)  
            C(226)-C(227)-C(228)        119.8(7)  
            C(226)-C(227)-H(227)        120.1  
            C(228)-C(227)-H(227)        120.1  
            C(227)-C(228)-N(23)         121.4(7)  
            C(227)-C(228)-C(229)        118.0(7)  
            N(23)-C(228)-C(229)         120.6(6)  
            C(230)-C(229)-C(228)        121.4(6)  
            C(230)-C(229)-H(229)        119.3  
            C(228)-C(229)-H(229)        119.3  
            C(231)-C(230)-C(229)        119.0(7)  
            C(231)-C(230)-H(230)        120.5  
            C(229)-C(230)-H(230)        120.5  
            C(230)-C(231)-C(226)        119.4(7)  
            C(230)-C(231)-C(232)        131.2(7)  
            C(226)-C(231)-C(232)        109.3(6)  
            C(233)-C(232)-C(237)        117.5(6)  
            C(233)-C(232)-C(231)        133.3(7)  
            C(237)-C(232)-C(231)        109.0(7)  
            C(234)-C(233)-C(232)        121.2(7)  
            C(234)-C(233)-H(233)        119.4  
            C(232)-C(233)-H(233)        119.4  
            C(233)-C(234)-C(235)        119.3(7)  
            C(233)-C(234)-H(234)        120.3  
            C(235)-C(234)-H(234)        120.3  
            C(236)-C(235)-C(234)        121.6(6)  
            C(236)-C(235)-N(24)         119.6(7)  
            C(234)-C(235)-N(24)         118.7(7)  
            C(235)-C(236)-C(237)        117.7(7)  
            C(235)-C(236)-H(236)        121.2  
            C(237)-C(236)-H(236)        121.2  
            C(236)-C(237)-C(232)        122.6(7)  
            C(236)-C(237)-C(201)        127.0(7)  
            C(232)-C(237)-C(201)        110.0(6)  
            C(239)-C(238)-C(243)        124.5(9)  
            C(239)-C(238)-N(24)         117.6(8)  
            C(243)-C(238)-N(24)         117.9(9)  
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            C(238)-C(239)-C(240)        116.1(11)  
            C(238)-C(239)-H(239)        122.0  
            C(240)-C(239)-H(239)        122.0  
            C(241)-C(240)-C(239)        121.9(14)  
            C(241)-C(240)-H(240)        119.0  
            C(239)-C(240)-H(240)        119.0  
            C(242)-C(241)-C(240)        121.6(19)  
            C(242)-C(241)-H(241)        119.2  
            C(240)-C(241)-H(241)        119.2  
            C(241)-C(242)-C(243)        119.6(17)  
            C(241)-C(242)-H(242)        120.2  
            C(243)-C(242)-H(242)        120.2  
            C(238)-C(243)-C(242)        116.2(11)  
            C(238)-C(243)-H(243)        121.9  
            C(242)-C(243)-H(243)        121.9  
            C(249)-C(244)-C(245)        118.9(8)  
            C(249)-C(244)-N(24)         122.4(7)  
            C(245)-C(244)-N(24)         118.6(8)  
            C(246)-C(245)-C(244)        121.6(9)  
            C(246)-C(245)-H(245)        119.2  
            C(244)-C(245)-H(245)        119.2  
            C(247)-C(246)-C(245)        119.0(9)  
            C(247)-C(246)-H(246)        120.5  
            C(245)-C(246)-H(246)        120.5  
            C(246)-C(247)-C(248)        120.6(9)  
            C(246)-C(247)-H(247)        119.7  
            C(248)-C(247)-H(247)        119.7  
            C(249)-C(248)-C(247)        119.9(9)  
            C(249)-C(248)-H(248)        120.1  
            C(247)-C(248)-H(248)        120.1  
            C(248)-C(249)-C(244)        120.0(8)  
            C(248)-C(249)-H(249)        120.0  
            C(244)-C(249)-H(249)        120.0  
            C(251)-C(250)-C(255)        120.4(7)  
            C(251)-C(250)-N(23)         120.7(6)  
            C(255)-C(250)-N(23)         118.8(6)  
            C(250)-C(251)-C(252)        118.6(7)  
            C(250)-C(251)-H(251)        120.7  
            C(252)-C(251)-H(251)        120.7  
            C(253)-C(252)-C(251)        120.5(7)  
            C(253)-C(252)-H(252)        119.8  
            C(251)-C(252)-H(252)        119.8  
            C(252)-C(253)-C(254)        122.3(7)  
            C(252)-C(253)-H(253)        118.8  
            C(254)-C(253)-H(253)        118.8  
            C(253)-C(254)-C(255)        117.9(7)  
            C(253)-C(254)-H(254)        121.1  
            C(255)-C(254)-H(254)        121.1  
            C(250)-C(255)-C(254)        120.4(7)  
            C(250)-C(255)-H(255)        119.8  
            C(254)-C(255)-H(255)        119.8  
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            C(257)-C(256)-C(261)        120.6(7)  
            C(257)-C(256)-N(23)         121.1(7)  
            C(261)-C(256)-N(23)         118.3(6)  
            C(256)-C(257)-C(258)        119.1(8)  
            C(256)-C(257)-H(257)        120.4  
            C(258)-C(257)-H(257)        120.4  
            C(259)-C(258)-C(257)        120.2(8)  
            C(259)-C(258)-H(258)        119.9  
            C(257)-C(258)-H(258)        119.9  
            C(258)-C(259)-C(260)        120.0(8)  
            C(258)-C(259)-H(259)        120.0  
            C(260)-C(259)-H(259)        120.0  
            C(261)-C(260)-C(259)        120.6(9)  
            C(261)-C(260)-H(260)        119.7  
            C(259)-C(260)-H(260)        119.7  
            C(260)-C(261)-C(256)        119.4(8)  
            C(260)-C(261)-H(261)        120.3  
            C(256)-C(261)-H(261)        120.3  
            C(337)-C(301)-C(313)        114.9(6)  
            C(337)-C(301)-C(326)        101.2(6)  
            C(313)-C(301)-C(326)        110.8(6)  
            C(337)-C(301)-C(302)        119.7(6)  
            C(313)-C(301)-C(302)        101.0(6)  
            C(326)-C(301)-C(302)        109.4(5)  
            C(303)-C(302)-C(307)        121.6(6)  
            C(303)-C(302)-C(301)        128.4(7)  
            C(307)-C(302)-C(301)        109.8(6)  
            C(302)-C(303)-C(304)        117.9(7)  
            C(302)-C(303)-H(303)        121.1  
            C(304)-C(303)-H(303)        121.1  
            C(305)-C(304)-C(303)        120.9(7)  
            C(305)-C(304)-C(314)        117.7(6)  
            C(303)-C(304)-C(314)        121.3(7)  
            C(306)-C(305)-C(304)        119.9(7)  
            C(306)-C(305)-H(305)        120.0  
            C(304)-C(305)-H(305)        120.0  
            C(305)-C(306)-C(307)        120.2(7)  
            C(305)-C(306)-H(306)        119.9  
            C(307)-C(306)-H(306)        119.9  
            C(302)-C(307)-C(306)        119.4(7)  
            C(302)-C(307)-C(308)        109.3(6)  
            C(306)-C(307)-C(308)        131.3(7)  
            C(309)-C(308)-C(313)        121.2(7)  
            C(309)-C(308)-C(307)        130.7(7)  
            C(313)-C(308)-C(307)        108.1(7)  
            C(310)-C(309)-C(308)        118.4(7)  
            C(310)-C(309)-H(309)        120.8  
            C(308)-C(309)-H(309)        120.8  
            C(309)-C(310)-C(311)        119.8(8)  
            C(309)-C(310)-H(310)        120.1  
            C(311)-C(310)-H(310)        120.1  
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            C(312)-C(311)-C(310)        121.3(7)  
            C(312)-C(311)-H(311)        119.4  
            C(310)-C(311)-H(311)        119.4  
            C(313)-C(312)-C(311)        118.6(8)  
            C(313)-C(312)-H(312)        120.7  
            C(311)-C(312)-H(312)        120.7  
            C(312)-C(313)-C(308)        120.6(7)  
            C(312)-C(313)-C(301)        128.4(7)  
            C(308)-C(313)-C(301)        111.0(6)  
            N(31)-C(314)-O(4)           112.3(7)  
            N(31)-C(314)-C(304)         129.0(8)  
            O(4)-C(314)-C(304)          118.7(6)  
            N(32)-C(315)-O(4)           112.6(7)  
            N(32)-C(315)-C(316)         129.7(7)  
            O(4)-C(315)-C(316)          117.6(6)  
            C(321)-C(316)-C(317)        120.5(8)  
            C(321)-C(316)-C(315)        121.3(7)  
            C(317)-C(316)-C(315)        118.1(7)  
            C(318)-C(317)-C(316)        118.9(7)  
            C(318)-C(317)-H(317)        120.5  
            C(316)-C(317)-H(317)        120.5  
            C(317)-C(318)-C(319)        122.3(7)  
            C(317)-C(318)-H(318)        118.8  
            C(319)-C(318)-H(318)        118.8  
            C(318)-C(319)-C(320)        118.3(7)  
            C(318)-C(319)-C(322)        119.5(7)  
            C(320)-C(319)-C(322)        122.1(7)  
            C(319)-C(320)-C(321)        121.1(7)  
            C(319)-C(320)-H(320)        119.5  
            C(321)-C(320)-H(320)        119.5  
            C(316)-C(321)-C(320)        118.8(7)  
            C(316)-C(321)-H(321)        120.6  
            C(320)-C(321)-H(321)        120.6  
            C(319)-C(322)-C(323)        109.8(6)  
            C(319)-C(322)-C(324)        113.1(6)  
            C(323)-C(322)-C(324)        109.8(7)  
            C(319)-C(322)-C(325)        107.9(6)  
            C(323)-C(322)-C(325)        109.6(6)  
            C(324)-C(322)-C(325)        106.5(6)  
            C(322)-C(323)-H(323)        109.5  
            C(322)-C(323)-H(323)        109.5  
            H(323)-C(323)-H(323)        109.5  
            C(322)-C(323)-H(323)        109.5  
            H(323)-C(323)-H(323)        109.5  
            H(323)-C(323)-H(323)        109.5  
            C(322)-C(324)-H(324)        109.5  
            C(322)-C(324)-H(324)        109.5  
            H(324)-C(324)-H(324)        109.5  
            C(322)-C(324)-H(324)        109.5  
            H(324)-C(324)-H(324)        109.5  
            H(324)-C(324)-H(324)        109.5  
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            C(322)-C(325)-H(325)        109.5  
            C(322)-C(325)-H(325)        109.5  
            H(325)-C(325)-H(325)        109.5  
            C(322)-C(325)-H(325)        109.5  
            H(325)-C(325)-H(325)        109.5  
            H(325)-C(325)-H(325)        109.5  
            C(327)-C(326)-C(331)        121.5(7)  
            C(327)-C(326)-C(301)        127.6(7)  
            C(331)-C(326)-C(301)        110.8(6)  
            C(326)-C(327)-C(328)        120.7(7)  
            C(326)-C(327)-H(327)        119.7  
            C(328)-C(327)-H(327)        119.7  
            C(327)-C(328)-C(329)        117.9(7)  
            C(327)-C(328)-N(33)         119.6(7)  
            C(329)-C(328)-N(33)         122.4(7)  
            C(330)-C(329)-C(328)        122.1(7)  
            C(330)-C(329)-H(329)        118.9  
            C(328)-C(329)-H(329)        118.9  
            C(329)-C(330)-C(331)        119.8(7)  
            C(329)-C(330)-H(330)        120.1  
            C(331)-C(330)-H(330)        120.1  
            C(326)-C(331)-C(330)        118.0(7)  
            C(326)-C(331)-C(332)        108.7(6)  
            C(330)-C(331)-C(332)        133.3(7)  
            C(333)-C(332)-C(337)        117.9(7)  
            C(333)-C(332)-C(331)        133.7(7)  
            C(337)-C(332)-C(331)        108.3(7)  
            C(332)-C(333)-C(334)        121.5(7)  
            C(332)-C(333)-H(333)        119.3  
            C(334)-C(333)-H(333)        119.3  
            C(333)-C(334)-C(335)        119.5(7)  
            C(333)-C(334)-H(334)        120.3  
            C(335)-C(334)-H(334)        120.3  
            C(336)-C(335)-C(334)        120.1(7)  
            C(336)-C(335)-N(34)         120.6(7)  
            C(334)-C(335)-N(34)         119.2(6)  
            C(335)-C(336)-C(337)        119.6(7)  
            C(335)-C(336)-H(336)        120.2  
            C(337)-C(336)-H(336)        120.2  
            C(336)-C(337)-C(332)        121.2(7)  
            C(336)-C(337)-C(301)        127.1(6)  
            C(332)-C(337)-C(301)        111.1(6)  
            C(343)-C(338)-C(339)        120.5(8)  
            C(343)-C(338)-N(34)         118.1(7)  
            C(339)-C(338)-N(34)         121.4(7)  
            C(338)-C(339)-C(340)        120.2(7)  
            C(338)-C(339)-H(339)        119.9  
            C(340)-C(339)-H(339)        119.9  
            C(339)-C(340)-C(341)        120.6(8)  
            C(339)-C(340)-H(340)        119.7  
            C(341)-C(340)-H(340)        119.7  
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            C(342)-C(341)-C(340)        119.4(9)  
            C(342)-C(341)-H(341)        120.3  
            C(340)-C(341)-H(341)        120.3  
            C(341)-C(342)-C(343)        119.5(8)  
            C(341)-C(342)-H(342)        120.3  
            C(343)-C(342)-H(342)        120.3  
            C(338)-C(343)-C(342)        119.7(8)  
            C(338)-C(343)-H(343)        120.1  
            C(342)-C(343)-H(343)        120.1  
            C(349)-C(344)-C(345)        117.8(7)  
            C(349)-C(344)-N(34)         122.3(6)  
            C(345)-C(344)-N(34)         119.9(7)  
            C(346)-C(345)-C(344)        121.5(9)  
            C(346)-C(345)-H(345)        119.2  
            C(344)-C(345)-H(345)        119.2  
            C(345)-C(346)-C(347)        119.9(9)  
            C(345)-C(346)-H(346)        120.0  
            C(347)-C(346)-H(346)        120.0  
            C(348)-C(347)-C(346)        119.2(9)  
            C(348)-C(347)-H(347)        120.4  
            C(346)-C(347)-H(347)        120.4  
            C(347)-C(348)-C(349)        120.4(9)  
            C(347)-C(348)-H(348)        119.8  
            C(349)-C(348)-H(348)        119.8  
            C(348)-C(349)-C(344)        121.1(7)  
            C(348)-C(349)-H(349)        119.5  
            C(344)-C(349)-H(349)        119.5  
            C(355)-C(350)-C(351)        120.3(7)  
            C(355)-C(350)-N(33)         119.9(6)  
            C(351)-C(350)-N(33)         119.8(6)  
            C(350)-C(351)-C(352)        118.1(7)  
            C(350)-C(351)-H(351)        121.0  
            C(352)-C(351)-H(351)        121.0  
            C(353)-C(352)-C(351)        122.1(7)  
            C(353)-C(352)-H(352)        118.9  
            C(351)-C(352)-H(352)        118.9  
            C(352)-C(353)-C(354)        119.1(7)  
            C(352)-C(353)-H(353)        120.4  
            C(354)-C(353)-H(353)        120.4  
            C(353)-C(354)-C(355)        120.9(8)  
            C(353)-C(354)-H(354)        119.6  
            C(355)-C(354)-H(354)        119.6  
            C(350)-C(355)-C(354)        119.5(7)  
            C(350)-C(355)-H(355)        120.3  
            C(354)-C(355)-H(355)        120.3  
            C(361)-C(356)-C(357)        120.8(7)  
            C(361)-C(356)-N(33)         122.9(7)  
            C(357)-C(356)-N(33)         116.3(7)  
            C(358)-C(357)-C(356)        116.9(8)  
            C(358)-C(357)-H(357)        121.5  
            C(356)-C(357)-H(357)        121.5  
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            C(359)-C(358)-C(357)        121.1(8)  
            C(359)-C(358)-H(358)        119.4  
            C(357)-C(358)-H(358)        119.4  
            C(358)-C(359)-C(360)        121.0(8)  
            C(358)-C(359)-H(359)        119.5  
            C(360)-C(359)-H(359)        119.5  
            C(361)-C(360)-C(359)        119.3(9)  
            C(361)-C(360)-H(360)        120.4  
            C(359)-C(360)-H(360)        120.4  
            C(356)-C(361)-C(360)        120.5(8)  
            C(356)-C(361)-H(361)        119.8  
            C(360)-C(361)-H(361)        119.8  
            C(14)-N(1)-N(2)             104.3(7)  
            C(15)-N(2)-N(1)             107.7(6)  
            C(28)-N(3)-C(56)            120.0(5)  
            C(28)-N(3)-C(50)            122.7(6)  
            C(56)-N(3)-C(50)            117.0(6)  
            C(44)-N(4)-C(38)            117.5(6)  
            C(44)-N(4)-C(35)            120.4(6)  
            C(38)-N(4)-C(35)            118.4(6)  
            C(115)-N(11)-N(12)          105.4(6)  
            C(114)-N(12)-N(11)          106.8(7)  
            C(128)-N(13)-C(150)         122.6(6)  
            C(128)-N(13)-C(156)         116.4(5)  
            C(150)-N(13)-C(156)         119.6(5)  
            C(144)-N(14)-C(135)         122.4(7)  
            C(144)-N(14)-C(138)         117.6(6)  
            C(135)-N(14)-C(138)         116.7(6)  
            C(214)-N(21)-N(22)          104.8(7)  
            C(215)-N(22)-N(21)          106.9(6)  
            C(228)-N(23)-C(256)         118.8(5)  
            C(228)-N(23)-C(250)         122.9(6)  
            C(256)-N(23)-C(250)         118.3(6)  
            C(235)-N(24)-C(244)         121.1(7)  
            C(235)-N(24)-C(238)         118.4(6)  
            C(244)-N(24)-C(238)         118.2(6)  
            C(314)-N(31)-N(32)          106.8(7)  
            C(315)-N(32)-N(31)          106.6(6)  
            C(328)-N(33)-C(350)         121.0(6)  
            C(328)-N(33)-C(356)         118.3(6)  
            C(350)-N(33)-C(356)         120.5(6)  
            C(335)-N(34)-C(344)         119.9(6)  
            C(335)-N(34)-C(338)         118.7(6)  
            C(344)-N(34)-C(338)         119.9(6)  
            C(15)-O(1)-C(14)            102.9(5)  
            C(115)-O(2)-C(114)          102.2(6)  
            C(214)-O(3)-C(215)          102.0(6)  
            C(314)-O(4)-C(315)          101.7(5)  
 
 
    Table 4.   Anisotropic displacement parameters (A^2 x 10^3) for I0398  
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    The anisotropic displacement factor exponent takes the form:  
    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  
   
                U11        U22        U33        U23       U13       U12  
    C(1)     31(4)      27(4)      50(6)       0(3)       1(4)       0(3)  
    C(2)     44(4)      27(4)      36(5)      -4(3)       0(4)       4(3)  
    C(3)     41(4)      34(4)      29(5)      -1(3)      -6(3)       4(3)  
    C(4)     29(4)      43(4)      40(6)       3(4)       0(3)       7(3)  
    C(5)     49(5)      41(4)      46(6)      -4(4)      -5(4)       0(4)  
    C(6)     49(5)      42(4)      37(5)      -4(4)      -1(4)       7(4)  
    C(7)     31(4)      33(4)      47(6)       4(4)       0(3)       0(3)  
    C(8)     39(4)      33(4)      32(5)       0(3)       5(4)      12(3)  
    C(9)     56(5)      34(4)      44(6)       1(4)     -13(4)       4(4)  
    C(10)    66(5)      40(4)      36(6)       7(4)       2(4)      11(4)  
    C(11)    43(5)      39(4)      59(6)       6(4)      14(4)      -4(3)  
    C(12)    40(5)      53(5)      47(6)      -5(4)       6(4)       9(4)  
    C(13)    44(5)      36(4)      33(5)       4(4)       3(4)       7(3)  
    C(14)    30(4)      36(4)      56(7)       2(4)      -3(4)       4(3)  
    C(15)    34(4)      33(4)      56(7)       2(4)      -3(4)      -3(3)  
    C(16)    38(4)      26(4)      46(6)       5(3)       0(4)      -2(3)  
    C(17)    40(4)      40(4)      46(6)      -8(4)       2(4)      -6(3)  
    C(18)    46(5)      45(5)      52(7)      -2(4)       4(4)      -7(4)  
    C(19)    40(5)      31(4)      58(6)       1(4)       6(4)       1(3)  
    C(20)    55(5)      37(4)      42(6)      -3(4)     -11(4)      -1(4)  
    C(21)    47(5)      32(4)      56(7)       2(4)       1(4)      -2(3)  
    C(22)    69(6)      34(4)      55(6)       6(4)      -1(4)       4(4)  
    C(23)    79(7)     105(8)      68(8)       4(6)      18(5)      -2(6)  
    C(24)   103(7)      55(5)      44(6)       6(4)     -11(5)     -22(5)  
    C(25)   100(7)      66(6)      58(7)      20(5)     -10(5)     -19(5)  
    C(26)    38(4)      22(4)      48(6)       3(3)       0(4)      -6(3)  
    C(27)    41(4)      49(5)      29(5)       4(4)       2(4)     -12(4)  
    C(28)    38(4)      32(4)      40(6)      -5(4)       6(4)       5(3)  
    C(29)    37(4)      29(4)      48(6)      -1(4)      -9(4)       7(3)  
    C(30)    32(4)      36(4)      37(5)      -2(3)       6(3)       0(3)  
    C(31)    34(4)      51(5)      28(5)       0(4)       0(3)      -4(3)  
    C(32)    31(4)      32(4)      33(5)      -4(3)      -6(3)       2(3)  
    C(33)    35(4)      30(4)      58(6)       3(4)       4(4)      -7(3)  
    C(34)    45(5)      39(4)      38(5)       6(4)       6(4)       3(3)  
    C(35)    33(4)      41(4)      42(6)      10(4)       5(4)       4(3)  
    C(36)    28(4)      37(4)      40(5)      -7(3)       1(3)       3(3)  
    C(37)    23(4)      39(4)      45(6)       3(4)       3(3)       3(3)  
    C(38)    37(4)      45(4)      41(6)      -3(4)      -5(4)       1(4)  
    C(39)    55(5)      47(5)      48(6)       1(4)      -2(4)      10(4)  
    C(40)    68(6)      43(5)      65(7)       0(4)      19(5)      25(4)  
    C(41)    76(7)      52(5)      50(7)      -3(5)     -14(5)      23(5)  
    C(42)    66(6)      41(5)      62(7)     -17(4)     -11(5)      10(4)  
    C(43)    54(5)      36(4)      46(6)      -3(4)      -7(4)       6(4)  
    C(44)    36(4)      37(4)      45(6)     -12(4)       3(4)       0(3)  
    C(45)    40(4)      59(5)      49(6)      -4(4)      -4(4)       8(4)  
    C(46)    41(5)      51(5)      73(7)     -18(5)      13(4)       8(4)  
    C(47)    49(5)      68(6)      52(7)      -8(5)       7(4)      -6(4)  
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    C(48)    46(5)      55(5)      50(6)      -1(4)       0(4)      -4(4)  
    C(49)    42(4)      47(5)      40(6)       6(4)       2(4)       2(3)  
    C(50)    48(5)      33(4)      33(5)       0(3)      -1(3)       2(3)  
    C(51)    28(4)      39(4)      67(6)       5(4)      -2(4)       7(3)  
    C(52)    55(5)      20(4)      87(7)       4(4)      10(5)      -2(3)  
    C(53)    52(5)      30(4)      69(7)       8(4)       3(4)       9(4)  
    C(54)    38(4)      38(5)      68(7)      -1(4)       4(4)      11(4)  
    C(55)    36(4)      37(4)      46(6)      -2(4)       0(4)       4(3)  
    C(56)    33(4)      35(4)      36(6)       4(4)      -4(3)       6(3)  
    C(57)    57(5)      48(5)      43(6)      -4(4)     -13(4)     -13(4)  
    C(58)    65(6)      54(5)      51(7)       4(5)       7(5)     -18(4)  
    C(59)    55(5)      54(5)      63(7)      -6(5)     -13(4)       1(4)  
    C(60)    65(5)      45(5)      34(6)      -5(4)      -5(4)       8(4)  
    C(61)    50(5)      33(4)      44(6)      -3(4)      -3(4)       3(3)  
    C(101)   36(4)      36(4)      43(6)       0(4)      -7(4)      -2(3)  
    C(102)   27(4)      33(4)      49(6)      -3(4)      -2(4)       8(3)  
    C(103)   29(4)      39(4)      33(5)       1(3)      -5(3)      10(3)  
    C(104)   33(4)      43(4)      41(6)      -5(4)      -1(4)      -9(3)  
    C(105)   56(5)      34(4)      42(6)     -10(4)       4(4)      -5(4)  
    C(106)   51(5)      44(4)      30(5)     -11(4)       0(4)      -5(4)  
    C(107)   39(4)      29(4)      36(6)       6(3)     -10(3)       1(3)  
    C(108)   37(4)      41(4)      37(6)      -4(4)      -1(4)      -3(3)  
    C(109)   42(4)      38(4)      40(6)       6(4)       5(4)      -3(3)  
    C(110)   41(5)      54(5)      45(6)      12(4)       5(4)      11(4)  
    C(111)   57(5)      46(5)      61(7)      10(5)      10(5)      -5(4)  
    C(112)   48(5)      47(5)      54(7)       5(4)      -4(4)      -8(4)  
    C(113)   32(4)      35(4)      39(5)       7(4)       0(3)       8(3)  
    C(114)   41(5)      42(4)      40(6)      -3(4)       0(4)       0(4)  
    C(115)   47(5)      41(4)      47(7)       6(4)      -1(4)     -20(4)  
    C(116)   34(4)      34(4)      49(6)       2(4)      -5(4)      -6(3)  
    C(117)   60(5)      40(4)      44(6)       2(4)     -17(4)       4(4)  
    C(118)   40(5)      35(4)      50(6)      12(4)      -2(4)      -7(3)  
    C(119)   46(5)      36(4)      46(6)       9(4)      -6(4)      -1(4)  
    C(120)   44(5)      32(4)      47(6)      -3(4)     -12(4)      -1(3)  
    C(121)   49(5)      29(4)      50(6)       7(4)       2(4)      -4(3)  
    C(122)   52(5)      35(4)      43(6)       4(4)      -2(4)      -3(4)  
    C(123)   63(5)      47(5)      49(6)       4(4)      -1(4)      -5(4)  
    C(124)   82(6)      50(5)      41(6)       6(4)      -8(5)     -14(4)  
    C(125)   70(6)      69(6)      49(6)      14(5)      13(4)      23(5)  
    C(126)   29(4)      38(4)      39(6)      -5(4)      -1(3)       0(3)  
    C(127)   31(4)      45(4)      47(6)      -2(4)      -1(4)      -3(3)  
    C(128)   28(4)      41(4)      57(6)       1(4)      -1(4)       3(3)  
    C(129)   26(4)      48(5)      46(6)     -11(4)      -5(4)       7(3)  
    C(130)   32(4)      33(4)      54(6)     -12(4)      11(4)       6(3)  
    C(131)   39(4)      38(4)      42(6)      -1(4)      -3(4)      -7(3)  
    C(132)   43(4)      33(4)      33(5)       7(4)      -9(4)      -2(3)  
    C(133)   41(5)      43(4)      46(6)     -12(4)       8(4)       6(4)  
    C(134)   36(4)      47(4)      42(6)      -3(4)      -9(4)       4(4)  
    C(135)   41(4)      43(5)      41(6)      -7(4)      -2(4)       5(4)  
    C(136)   40(4)      41(4)      42(6)      -6(4)      -2(4)      -1(3)  
    C(137)   33(4)      24(4)      46(6)      -6(3)      -8(3)       1(3)  
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    C(138)   55(5)      51(5)      51(7)     -11(4)     -13(5)      26(4)  
    C(139)   73(6)      80(6)      51(7)      -3(5)      -3(5)       8(5)  
    C(140)   76(7)     137(10)     55(8)     -14(7)      -8(6)      28(7)  
    C(141)   82(8)     110(9)      50(7)      -7(6)      -3(6)      66(7)  
    C(142)  100(8)      88(7)      60(8)      15(6)       9(6)      50(6)  
    C(143)   67(6)      95(7)      51(7)      13(6)       4(5)      24(5)  
    C(144)   41(5)      52(5)      47(6)      -1(4)       8(4)       9(4)  
    C(145)   61(6)      77(6)      59(7)      11(5)      11(5)      29(5)  
    C(146)   74(7)      69(6)      80(8)      -1(6)      11(6)      39(5)  
    C(147)   66(6)      83(7)      73(8)     -10(6)      17(5)      13(5)  
    C(148)   70(6)      69(6)      57(7)      -2(5)      -5(5)       3(5)  
    C(149)   51(5)      45(5)      62(7)      -2(4)      19(4)       5(4)  
    C(150)   39(4)      55(5)      29(5)       2(4)      -2(3)       5(4)  
    C(151)   48(5)      54(5)      54(6)      -2(4)      -1(4)       0(4)  
    C(152)   77(6)      40(5)      51(6)       3(4)       1(5)      -4(4)  
    C(153)   77(6)      44(5)      57(7)       5(4)       3(5)      13(5)  
    C(154)   68(6)      52(5)      52(6)       3(4)       3(4)      22(5)  
    C(155)   58(5)      36(5)      49(6)      -6(4)      -5(4)       1(4)  
    C(156)   38(4)      26(4)      51(6)      -6(4)      -6(4)      -1(3)  
    C(157)   55(5)      58(5)      41(6)       8(4)     -10(4)     -12(4)  
    C(158)   71(6)      70(6)      54(7)      22(5)     -17(5)     -41(5)  
    C(159)   70(6)      48(5)      66(8)      -4(5)     -15(5)     -13(4)  
    C(160)   53(5)      54(5)      41(6)      -6(4)     -12(4)       8(4)  
    C(161)   61(5)      42(5)      46(7)       6(4)      -9(4)      -1(4)  
    C(201)   35(4)      34(4)      36(5)      -3(3)      -1(3)       2(3)  
    C(202)   41(4)      34(4)      39(6)       4(4)      -4(4)      10(3)  
    C(203)   39(4)      40(4)      33(5)       3(4)       0(3)      10(3)  
    C(204)   41(4)      42(4)      30(5)      -1(4)      -3(4)      -5(3)  
    C(205)   44(5)      37(4)      52(6)      -1(4)      -6(4)      -5(3)  
    C(206)   46(5)      46(5)      50(6)      -2(4)     -10(4)       3(4)  
    C(207)   40(4)      32(4)      31(5)      -7(3)     -13(3)      10(3)  
    C(208)   34(4)      47(4)      33(5)       4(4)     -10(4)       6(3)  
    C(209)   49(5)      41(4)      42(6)      -1(4)      11(4)       1(4)  
    C(210)   54(5)      54(5)      36(6)      12(4)       5(4)      12(4)  
    C(211)   48(5)      56(5)      49(6)      -7(4)      -3(4)      -9(4)  
    C(212)   54(5)      45(5)      35(6)       4(4)       8(4)      -2(4)  
    C(213)   33(4)      34(4)      32(5)       7(3)      -4(3)       3(3)  
    C(214)   45(5)      47(5)      61(7)      -1(4)       0(4)      11(4)  
    C(215)   36(5)      43(5)      64(7)       8(5)       6(4)       0(4)  
    C(216)   52(5)      27(4)      63(7)       1(4)       6(5)       2(4)  
    C(217)   51(5)      47(5)      74(7)       6(5)      14(5)       2(4)  
    C(218)   59(6)      37(5)     103(9)       0(5)      15(6)       0(4)  
    C(219)   66(6)      21(4)      83(8)       5(4)      34(5)       2(4)  
    C(220)   87(7)      36(4)      52(7)      -2(4)      11(5)       6(4)  
    C(221)   59(5)      20(4)      64(7)       0(4)      -1(5)       4(3)  
    C(222)  112(8)      52(6)      55(7)      -6(5)      23(6)      -7(5)  
    C(223)  126(9)      75(7)     103(10)     25(6)      41(7)      10(6)  
    C(224)  470(30)     87(9)      50(9)     -28(6)     105(13)   -111(12)  
    C(225)  114(8)      97(8)      49(7)      24(6)      -1(6)      -2(6)  
    C(226)   40(4)      26(4)      37(6)       1(3)      -9(4)      -1(3)  
    C(227)   41(4)      47(5)      32(5)      -9(4)      -2(4)       7(3)  
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    C(228)   43(4)      36(4)      40(6)      -1(4)      -1(4)      -1(3)  
    C(229)   43(4)      25(4)      48(6)      -6(4)      -5(4)       3(3)  
    C(230)   50(5)      41(4)      28(5)       1(4)      -7(4)      -2(4)  
    C(231)   27(4)      46(5)      45(6)       3(4)       4(4)       4(3)  
    C(232)   33(4)      32(4)      40(6)      -3(4)       0(4)       1(3)  
    C(233)   37(4)      39(4)      42(6)      -5(4)      -1(4)      -2(3)  
    C(234)   38(4)      48(4)      35(5)      -5(4)      -7(4)       6(4)  
    C(235)   33(4)      35(4)      38(6)       5(4)      -2(4)       8(3)  
    C(236)   45(4)      32(4)      35(5)      -1(3)     -12(4)      -5(3)  
    C(237)   47(5)      34(4)      32(5)       2(4)      -2(4)     -13(4)  
    C(238)   47(5)      61(5)      45(7)     -13(5)     -18(5)      26(4)  
    C(239)  114(8)      71(6)      32(7)       0(5)      -4(6)      36(6)  
    C(240)  166(13)     90(8)      88(11)     11(7)      38(9)      89(9)  
    C(241)  116(14)    178(17)    109(15)    -74(12)    -52(10)    115(13)  
    C(242)  108(12)    129(13)    127(16)    -80(11)    -44(9)      81(10)  
    C(243)   79(7)      82(7)      60(8)     -33(5)     -32(5)      39(5)  
    C(244)   37(4)      50(5)      49(6)     -10(4)     -10(4)       1(4)  
    C(245)   39(5)      58(5)      77(7)     -24(5)     -16(4)      23(4)  
    C(246)   55(6)      70(7)     103(10)    -29(6)      -9(6)       3(5)  
    C(247)   50(6)      85(8)     103(10)    -45(7)      16(6)       8(5)  
    C(248)   52(5)      68(6)      69(7)      -2(5)       7(5)     -17(5)  
    C(249)   52(5)      45(5)      52(6)      -4(4)       5(4)      -8(4)  
    C(250)   39(4)      48(5)      40(6)       2(4)      -8(4)       5(4)  
    C(251)   44(5)      46(5)      55(6)       4(4)      -5(4)       0(4)  
    C(252)   51(5)      35(4)      73(7)       6(4)      -1(4)      -3(4)  
    C(253)   52(5)      30(4)      67(7)      11(4)       0(4)       2(4)  
    C(254)   45(5)      38(5)      71(7)       5(4)       1(4)       8(4)  
    C(255)   35(4)      53(5)      49(6)       3(4)       2(4)      -9(4)  
    C(256)   38(4)      40(4)      32(5)       2(4)     -10(3)       2(3)  
    C(257)   59(5)      47(5)      62(7)       3(4)      -1(5)     -10(4)  
    C(258)   58(5)      50(5)      58(7)      -4(5)      -6(5)      -6(4)  
    C(259)   56(6)      59(6)      61(8)     -28(5)     -12(5)      10(4)  
    C(260)   64(6)      59(6)      47(7)       4(5)     -17(5)      19(4)  
    C(261)   63(5)      41(5)      42(6)      -4(4)     -11(4)      16(4)  
    C(301)   29(4)      37(4)      43(6)      -5(4)      -2(3)      -1(3)  
    C(302)   30(4)      36(4)      31(5)       3(3)       1(3)       4(3)  
    C(303)   36(4)      42(4)      31(5)      -4(4)      -7(3)      10(3)  
    C(304)   30(4)      42(4)      39(6)       1(4)       2(3)      -1(3)  
    C(305)   43(4)      42(4)      38(6)      -1(4)       0(4)      -6(3)  
    C(306)   52(5)      37(4)      27(5)       2(3)      -7(4)       4(4)  
    C(307)   32(4)      40(4)      35(5)      -9(4)      -4(3)       5(3)  
    C(308)   32(4)      36(4)      39(6)       5(4)       1(4)       4(3)  
    C(309)   49(5)      40(4)      43(6)       2(4)      -2(4)      14(4)  
    C(310)   36(4)      61(5)      51(6)      21(5)       9(4)       8(4)  
    C(311)   45(5)      49(5)      72(8)      23(5)       8(5)      -6(4)  
    C(312)   45(5)      50(5)      51(6)      -2(4)       3(4)      -3(4)  
    C(313)   28(4)      36(4)      52(6)       3(4)      -2(4)      -2(3)  
    C(314)   40(5)      40(4)      39(6)      -3(4)      -1(4)      -5(4)  
    C(315)   41(4)      39(4)      43(6)       3(4)      -2(4)     -13(4)  
    C(316)   40(4)      37(4)      44(6)       2(4)      -2(4)       0(3)  
    C(317)   51(5)      48(5)      39(6)      17(4)     -10(4)     -15(4)  
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    C(318)   48(5)      49(5)      45(6)       7(4)      -3(4)     -13(4)  
    C(319)   49(5)      34(4)      39(6)       1(4)       3(4)       3(3)  
    C(320)   52(5)      47(5)      34(6)       3(4)      -7(4)      -5(4)  
    C(321)   37(4)      39(4)      61(7)      -5(4)      -3(4)       0(3)  
    C(322)   48(5)      34(4)      51(6)       7(4)       0(4)      -6(3)  
    C(323)   67(6)      64(6)      64(7)      25(5)      17(5)      25(4)  
    C(324)   77(6)      64(5)      37(6)       3(4)       2(4)     -14(4)  
    C(325)   86(6)      44(5)      44(6)       8(4)      -9(5)      -7(4)  
    C(326)   31(4)      40(4)      43(6)       0(4)      -9(4)      -4(3)  
    C(327)   46(5)      33(4)      40(6)      -3(4)       8(4)     -14(3)  
    C(328)   50(5)      42(5)      45(6)       0(4)      -3(4)       3(4)  
    C(329)   51(5)      34(4)      53(7)       1(4)      -2(4)       8(4)  
    C(330)   48(5)      34(4)      42(6)      -9(4)      -3(4)       5(4)  
    C(331)   28(4)      40(4)      44(6)       0(4)       3(4)      -3(3)  
    C(332)   35(4)      38(4)      47(6)      -8(4)       9(4)      -8(3)  
    C(333)   37(4)      38(4)      34(5)      -3(3)      -4(4)      -2(3)  
    C(334)   43(5)      45(5)      42(6)      -7(4)       0(4)      -2(4)  
    C(335)   40(4)      42(4)      32(5)       2(4)      -8(4)      -7(3)  
    C(336)   43(4)      28(4)      52(6)      -8(4)       4(4)      -2(3)  
    C(337)   26(4)      43(4)      29(5)       2(3)      -1(3)      -6(3)  
    C(338)   36(4)      45(4)      37(6)      -4(4)      -4(4)      -1(3)  
    C(339)   51(5)      51(5)      39(6)      -3(4)       5(4)     -14(4)  
    C(340)   83(7)      31(4)      56(7)       7(4)      25(5)       3(4)  
    C(341)   58(6)      46(5)      66(7)      -4(5)      -3(5)      15(4)  
    C(342)   48(5)      55(5)      58(7)      -5(4)      -8(4)      15(4)  
    C(343)   57(5)      38(4)      40(6)       0(4)     -11(4)       4(4)  
    C(344)   32(4)      38(4)      50(6)      -7(4)       1(4)       3(3)  
    C(345)   52(5)      56(5)      47(6)       4(4)       6(4)       3(4)  
    C(346)   63(6)      74(7)      86(9)     -23(6)       9(6)      11(5)  
    C(347)   74(7)      93(8)      50(7)     -27(6)       9(5)     -14(6)  
    C(348)   37(5)      71(6)      44(6)      -7(4)      -1(4)     -18(4)  
    C(349)   35(4)      46(5)      44(6)       0(4)      -9(4)      -1(3)  
    C(350)   44(5)      42(4)      35(5)       0(4)      -5(3)       9(4)  
    C(351)   48(5)      55(5)      52(6)      15(4)       4(4)       8(4)  
    C(352)   62(6)      54(6)      64(7)       7(4)       4(5)      -7(4)  
    C(353)   76(6)      38(5)      53(6)       0(4)       3(5)       5(4)  
    C(354)   70(6)      56(5)      46(6)       7(4)       4(4)      29(5)  
    C(355)   42(5)      60(5)      46(6)       1(4)      -6(4)      12(4)  
    C(356)   33(4)      50(5)      49(6)      -6(4)     -10(4)      11(4)  
    C(357)   47(5)      58(5)      51(6)      20(4)     -12(4)     -10(4)  
    C(358)   60(5)      50(5)      63(7)      11(5)     -16(5)     -15(4)  
    C(359)   78(6)      58(6)      66(8)       1(5)     -17(5)     -25(4)  
    C(360)   87(6)      57(5)      40(6)       3(5)      -5(5)     -14(5)  
    C(361)   70(6)      40(5)      52(7)       9(4)     -15(5)      -7(4)  
    N(1)     32(4)      52(4)      52(5)      -1(3)       1(3)      -6(3)  
    N(2)     39(4)      45(4)      56(5)      11(3)      -1(4)      -7(3)  
    N(3)     55(4)      34(3)      40(5)      -2(3)     -15(3)      10(3)  
    N(4)     35(3)      36(3)      43(5)      -4(3)       0(3)       1(3)  
    N(11)    62(5)      62(4)      47(5)      10(4)       2(4)     -26(4)  
    N(12)    62(5)      68(5)      43(5)       4(4)      -2(4)     -25(4)  
    N(13)    40(4)      28(3)      56(5)       1(3)     -11(3)       9(3)  
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    N(14)    44(4)      57(4)      43(5)       0(3)      -6(3)      17(3)  
    N(21)    57(4)      62(4)      50(5)       0(4)      -8(4)     -17(3)  
    N(22)    48(4)      57(4)      67(6)      12(4)      -2(4)     -12(3)  
    N(23)    57(4)      31(3)      41(5)      -7(3)     -19(3)      11(3)  
    N(24)    50(4)      42(4)      45(5)      -1(3)      -9(3)      11(3)  
    N(31)    60(5)      71(5)      43(5)       8(4)      -2(4)     -34(4)  
    N(32)    59(5)      75(5)      45(5)       2(4)     -13(4)     -27(4)  
    N(33)    45(4)      39(4)      56(5)       0(3)     -18(3)       9(3)  
    N(34)    30(3)      49(4)      49(5)      -1(3)       5(3)      15(3)  
    O(1)     37(3)      37(3)      42(4)       4(2)      -2(2)      -2(2)  
    O(2)     42(3)      39(3)      35(4)       1(2)      -2(2)      -1(2)  
    O(3)     42(3)      43(3)      48(4)       3(3)       1(3)       1(2)  
    O(4)     44(3)      40(3)      37(4)       0(2)       0(2)      -8(2)  
 
 
Table 5.   Hydrogen coordinates ( x 10^4) and isotropic  
         displacement parameters (A^2 x 10^3) for I0398  
   
                            x                y                z                U(eq)  
          H(3A)        2987          3931          9907          41  
          H(5A)        2606          3129          8545          54  
          H(6A)        3227          3452          7984          51  
          H(9A)        4013          3901          7584          54  
          H(10A)       4698          4360          7399          57  
          H(11A)       4950          4901          8094          56  
          H(12A)       4525          4967          8954          56  
          H(17A)       1199          2670         10814          50  
          H(18A)       1075          2473         11781          58  
          H(20A)       2397          3018         12224          54  
          H(21A)       2527          3238         11285          54  
          H(23A)        888          2454         12701         101  
          H(23B)       1040          2960         12827         101  
          H(23C)       1101          2594         13323         101  
          H(24A)       2028          3075         13093          81  
          H(24B)       2364          2637         13056          81  
          H(24C)       1939          2671         13527          81  
          H(25C)       1761          1930         13098          90  
          H(25B)       2058          1979         12511          90  
          H(25A)       1468          1900         12493          90  
          H(27A)       2978          4936          8735          48  
          H(29A)       2800          5878          9978          46  
          H(30A)       3390          5537         10555          42  
          H(33A)       4129          4993         11037          49  
          H(34A)       4817          4521         11205          49  
          H(36A)       4497          3875          9698          42  
          H(39A)       4865          3578         11484          60  
          H(40A)       5258          3593         12399          70  
          H(41A)       6062          3884         12530          72  
          H(42A)       6467          4183         11738          68  
          H(43A)       6066          4198         10835          55  
          H(45A)       5807          3249         10412          59  
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          H(46A)       6283          3048          9615          66  
          H(47A)       6255          3485          8783          67  
          H(48A)       5734          4103          8731          60  
          H(49A)       5273          4312          9518          51  
          H(51A)       3112          6320          9138          53  
          H(52A)       2947          7091          9075          65  
          H(53A)       2161          7363          8875          60  
          H(54A)       1517          6864          8679          58  
          H(55A)       1646          6103          8759          48  
          H(57A)       1892          4964          8990          59  
          H(58A)       1429          4619          8249          68  
          H(59A)       1458          4894          7310          69  
          H(60A)       1981          5497          7109          58  
          H(61A)       2445          5829          7857          51  
          H(103)       5465          3898          7172          40  
          H(105)       4946          3217          5770          53  
          H(106)       5587          3509          5214          50  
          H(109)       6415          3894          4808          48  
          H(110)       7143          4300          4640          56  
          H(111)       7435          4812          5326          66  
          H(112)       7055          4884          6215          60  
          H(117)       3726          2605          8116          58  
          H(118)       3615          2438          9088          50  
          H(120)       4896          3078          9486          49  
          H(121)       5009          3245          8521          51  
          H(123)       4425          1972          9927          64  
          H(123)       3832          2007          9850          64  
          H(123)       4085          2027         10480          64  
          H(124)       4608          3097         10401          69  
          H(124)       4898          2642         10284          69  
          H(124)       4523          2676         10808          69  
          H(125)       3606          2722         10623          75  
          H(125)       3403          2758          9973          75  
          H(125)       3718          3158         10252          75  
          H(127)       5480          4914          6023          49  
          H(129)       5286          5817          7298          48  
          H(130)       5924          5492          7852          48  
          H(133)       6613          4899          8335          52  
          H(134)       7272          4396          8507          51  
          H(136)       6972          3809          6968          50  
          H(139)       8399          4042          8351          82  
          H(140)       8667          3934          9313         107  
          H(141)       8161          3534          9940          97  
          H(142)       7440          3200          9583          99  
          H(143)       7179          3299          8635          85  
          H(145)       8151          3062          7678          79  
          H(146)       8719          2910          6972          89  
          H(147)       8803          3397          6173          88  
          H(148)       8330          4054          6165          79  
          H(149)       7810          4234          6906          63  
          H(151)       5500          6278          6352          62  
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          H(152)       5272          7037          6276          67  
          H(153)       4452          7236          6177          71  
          H(154)       3813          6697          6130          69  
          H(155)       4046          5939          6174          57  
          H(157)       4484          4918          6768          62  
          H(158)       3977          4363          6386          79  
          H(159)       3725          4392          5427          74  
          H(160)       4025          4954          4832          60  
          H(161)       4570          5495          5205          60  
          H(203)       8023          3864          4736          45  
          H(205)       7783          3129          3279          53  
          H(206)       8445          3476          2832          57  
          H(209)       9257          3945          2553          53  
          H(210)       9945          4421          2498          58  
          H(211)      10122          4932          3230          61  
          H(212)       9629          4953          4049          54  
          H(217)       6143          2642          5316          69  
          H(218)       5857          2502          6249          79  
          H(220)       7150          2994          6924          70  
          H(221)       7400          3200          6003          58  
          H(223)       5729          2185          7048         121  
          H(223)       5573          2675          7241         121  
          H(223)       5734          2315          7716         121  
          H(224)       6345          3235          7536         243  
          H(224)       6748          2942          7883         243  
          H(224)       6171          2908          8036         243  
          H(225)       6587          2091          7859         104  
          H(225)       7019          2267          7454         104  
          H(225)       6607          1931          7204         104  
          H(227)       8138          4940          3681          48  
          H(229)       7829          5787          4996          47  
          H(230)       8382          5399          5603          48  
          H(233)       9115          4867          6083          47  
          H(234)       9788          4392          6268          49  
          H(236)       9576          3808          4702          45  
          H(239)       9760          3376          6426          87  
          H(240)      10048          3326          7407         137  
          H(241)      10787          3654          7709         162  
          H(242)      11285          4006          7084         147  
          H(243)      10989          4118          6076          89  
          H(245)      10753          3110          5511          70  
          H(246)      11290          2901          4785          91  
          H(247)      11368          3355          3983          95  
          H(248)      10898          4023          3899          75  
          H(249)      10374          4236          4636          59  
          H(251)       8207          6289          4229          58  
          H(252)       8034          7058          4323          64  
          H(253)       7251          7327          4118          60  
          H(254)       6610          6866          3811          62  
          H(255)       6773          6090          3717          55  
          H(257)       7067          4912          3930          67  



APPENDIX
   

 222

          H(258)       6616          4574          3178          66  
          H(259)       6589          4898          2276          71  
          H(260)       7078          5515          2090          68  
          H(261)       7522          5858          2826          59  
          H(303)      10597          3831          2235          44  
          H(305)      10103          3176           787          49  
          H(306)      10719          3520           254          46  
          H(309)      11512          3962          -150          53  
          H(310)      12180          4446          -322          59  
          H(311)      12459          4937           408          66  
          H(312)      12095          4934          1314          58  
          H(317)       8810          2506          3074          55  
          H(318)       8663          2350          4030          57  
          H(320)       9922          2985          4520          53  
          H(321)      10071          3174          3554          55  
          H(323)       8381          2512          4913          78  
          H(323)       8582          3005          5037          78  
          H(323)       8566          2648          5547          78  
          H(324)       9509          3068          5420          71  
          H(324)       9870          2650          5338          71  
          H(324)       9454          2639          5821          71  
          H(325)       9145          1939          5461          69  
          H(325)       9529          1925          4945          69  
          H(325)       8944          1879          4813          69  
          H(327)      10500          4824          1065          48  
          H(329)      10220          5770          2249          55  
          H(330)      10872          5513          2829          50  
          H(333)      11662          5021          3345          44  
          H(334)      12354          4570          3554          52  
          H(336)      12091          3871          2081          49  
          H(339)      12335          3546          3805          56  
          H(340)      12646          3465          4735          68  
          H(341)      13438          3738          4990          68  
          H(342)      13890          4137          4317          65  
          H(343)      13565          4218          3368          54  
          H(345)      13365          3279          2841          62  
          H(346)      13893          3092          2109          89  
          H(347)      13879          3504          1248          87  
          H(348)      13380          4133          1174          61  
          H(349)      12857          4327          1918          50  
          H(351)      10476          6148          1265          62  
          H(352)      10263          6906          1151          72  
          H(353)       9447          7128          1031          66  
          H(354)       8818          6597           981          69  
          H(355)       9005          5838          1115          60  
          H(357)       9576          4696          1667          63  
          H(358)       9204          4097          1148          70  
          H(359)       8873          4211           252          81  
          H(360)       9034          4868          -246          74  
          H(361)       9493          5434           207          65  
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9.9.2.1 Angles between surface normals of π-systems and of the nitrogen plane 

Least-squares planes (x,y,z in crystal coordinates) and deviations from them 
 (* indicates atom used to define plane) 
 
  19.4149 (0.0512) x + 16.6716 (0.0666) y - 9.9376 (0.0543) z = 5.3238 (0.0715)  
 
 *   -0.0049 (0.0048)  C26 
 *    0.0027 (0.0046)  C27 
 *    0.0006 (0.0047)  C28 
 *   -0.0018 (0.0049)  C29 
 *   -0.0003 (0.0046)  C30 
 *    0.0036 (0.0046)  C31 
 
 Rms deviation of fitted atoms =   0.0028 
 
 - 20.0877 (0.0713) x - 4.9176 (0.1187) y + 15.3182 (0.0712) z = 5.9079 (0.1109)  
 
 Angle to previous plane (with approximate esd) = 26.27 ( 0.38 ) 
 
 *    0.0378 (0.0058)  N3 
 *   -0.0131 (0.0020)  C28 
 *   -0.0125 (0.0019)  C50 
 *   -0.0122 (0.0019)  C56 
 
 Rms deviation of fitted atoms =   0.0218 
 
 - 6.2029 (0.0891) x + 0.5051 (0.0949) y + 22.7365 (0.0169) z = 19.1769 (0.0711)  
 
 Angle to previous plane (with approximate esd) = 37.31 ( 0.33 ) 
 
 *    0.0011 (0.0055)  C50 
 *   -0.0043 (0.0056)  C51 
 *   -0.0004 (0.0059)  C52 
 *    0.0086 (0.0060)  C53 
 *   -0.0121 (0.0058)  C54 
 *    0.0072 (0.0055)  C55 
 
 Rms deviation of fitted atoms =   0.0070 
 
 - 20.4666 (0.0499) x + 18.7251 (0.0675) y + 4.4777 (0.0656) z = 9.4335 (0.0668)  
 
 Angle to previous plane (with approximate esd) = 69.02 ( 0.26 ) 
 
 *   -0.0004 (0.0048)  C56 
 *    0.0038 (0.0052)  C57 
 *   -0.0067 (0.0055)  C58 
 *    0.0062 (0.0054)  C59 
 *   -0.0029 (0.0050)  C60 
 *   -0.0001 (0.0048)  C61 
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 Rms deviation of fitted atoms =   0.0042 
 
 - 20.0877 (0.0713) x - 4.9176 (0.1187) y + 15.3182 (0.0712) z = 5.9079 (0.1109)  
 
 Angle to previous plane (with approximate esd) = 54.38 ( 0.27 ) 
 
 *    0.0378 (0.0058)  N3 
 *   -0.0131 (0.0020)  C28 
 *   -0.0125 (0.0019)  C50 
 *   -0.0122 (0.0019)  C56 
 
 Rms deviation of fitted atoms =   0.0218 
 
  16.4029 (0.0587) x + 18.9624 (0.0622) y - 11.4384 (0.0537) z = 3.6928 (0.0782)  
 
 Angle to previous plane (with approximate esd) = 29.75 ( 0.38 ) 
 
 *    0.0350 (0.0047)  C32 
 *   -0.0228 (0.0048)  C33 
 *   -0.0116 (0.0048)  C34 
 *    0.0333 (0.0047)  C35 
 *   -0.0216 (0.0048)  C36 
 *   -0.0123 (0.0048)  C37 
 
 Rms deviation of fitted atoms =   0.0245 
 
  12.1864 (0.0918) x + 26.6978 (0.0531) y - 2.0901 (0.0941) z = 14.6805 (0.1083)  
 
 Angle to previous plane (with approximate esd) = 28.94 ( 0.36 ) 
 
 *   -0.1185 (0.0051)  N4 
 *    0.0399 (0.0018)  C35 
 *    0.0388 (0.0017)  C38 
 *    0.0398 (0.0017)  C44 
 
 Rms deviation of fitted atoms =   0.0684 
 
 - 10.8024 (0.0672) x + 26.8515 (0.0372) y + 4.9390 (0.0632) z = 10.0652 (0.0871)  
 
 Angle to previous plane (with approximate esd) = 53.65 ( 0.19 ) 
 
 *    0.0089 (0.0050)  C38 
 *   -0.0140 (0.0050)  C39 
 *    0.0088 (0.0051)  C40 
 *    0.0019 (0.0053)  C41 
 *   -0.0073 (0.0051)  C42 
 *    0.0017 (0.0048)  C43 
 
 Rms deviation of fitted atoms =   0.0083 
 
  20.0276 (0.0535) x + 16.9036 (0.0717) y + 7.9271 (0.0636) z = 25.3658 (0.0412)  
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 Angle to previous plane (with approximate esd) = 74.12 ( 0.19 ) 
 
 *   -0.0072 (0.0048)  C44 
 *    0.0043 (0.0051)  C45 
 *   -0.0022 (0.0055)  C46 
 *    0.0028 (0.0054)  C47 
 *   -0.0059 (0.0052)  C48 
 *    0.0080 (0.0052)  C49 
 
 Rms deviation of fitted atoms =   0.0055 
 
  12.1864 (0.0918) x + 26.6978 (0.0531) y - 2.0901 (0.0941) z = 14.6805 (0.1083)  
 
 Angle to previous plane (with approximate esd) = 36.02 ( 0.33 ) 
 
 *   -0.1185 (0.0051)  N4 
 *    0.0399 (0.0018)  C35 
 *    0.0388 (0.0017)  C38 
 *    0.0398 (0.0017)  C44 
 
 Rms deviation of fitted atoms =   0.0684 
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9.9.3 Spiro-DPSP2 (i0400) 

      Table 1.  Crystal data and structure refinement for I0400_TT.  
   
      Identification code    i0400_tt  
      Empirical formula    C99 H62 N2  
      Formula weight    1279.51  
      Temperature     143(±2) K  
      Wavelength     0.71073 A  
      Crystal system    Triclinic  
      Space group     P -1  
      Unit cell dimensions   a = 15.2765(±12) A   alpha = 84.582(±7) deg.  
       b = 15.0005(±13) A    beta = 64.026(±6) deg.  
       c = 17.2363(±14) A   gamma = 78.776(±7) deg.    
      Volume      3482.7(±5) A^3  
      Z       2  
      Density (calculated)    1.220 g/cm^3  
      Absorption coefficient   0.070 mm^-1  
      F(000)       1340  
      Crystal size     0.41 x 0.32 x 0.10 mm  
      Theta range for data collection  1.38 to 25.20 deg.  
      Index ranges      -18<=h<=18, -17<=k<=15, -20<=l<=20  
      Reflections collected   21829  
      Independent reflections   11690 [R(int) = 0.0460]  
      Reflections observed   6635  
      Absorption correction   Integration  
      Max. and min. transmission  0.9980 and 0.9918  
      Refinement method    Full-matrix least-squares on F^2  
      Data / restraints / parameters  11690 / 0 / 910  
      Goodness-of-fit on F^2   0.748  
      Final R indices [I>2sigma(I)]   R1 = 0.0352, wR2 = 0.0675  
      R indices (all data)     R1 = 0.0753, wR2 = 0.0739  
      Largest diff. peak and hole  0.154 and -0.186 e.A^-3  
 
 
         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  
         displacement parameters (A^2 x 10^3) for I0400_TT.    U(eq) is defined  
         as one third of the trace of the orthogonalized Uij tensor.  
 
                           x                 y                 z                  U(eq)  
          C(1)         1742(1)       7163(1)       2899(1)       27(1)  
          C(2)          878(1)       7044(1)       3761(1)       28(1)  
          C(3)          487(1)       7606(1)       4474(1)       33(1)  
          C(4)         -256(1)       7361(1)       5239(1)       36(1)  
          C(5)         -657(1)       6588(1)       5267(1)       36(1)  
          C(6)         -265(1)       6025(1)       4543(1)       32(1)  
          C(7)          530(1)       6232(1)       3799(1)       28(1)  
          C(8)         1158(1)       5754(1)       2972(1)       27(1)  
          C(9)         1118(1)       4952(1)       2639(1)       32(1)  
          C(10)        1765(1)       4708(1)       1790(1)       34(1)  
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          C(11)        2451(1)       5256(1)       1265(1)       31(1)  
          C(12)        2526(1)       6032(1)       1608(1)       30(1)  
          C(13)        1886(1)       6272(1)       2451(1)       26(1)  
          C(14)       -1576(1)       8047(1)       6609(1)       36(1)  
          C(15)       -2292(2)       8550(1)       6387(2)       54(1)  
          C(16)       -3273(2)       8726(2)       7032(2)       74(1)  
          C(17)       -3502(2)       8387(2)       7856(2)       87(1)  
          C(18)       -2789(2)       7903(2)       8065(2)       81(1)  
          C(19)       -1831(2)       7727(2)       7449(2)       52(1)  
          C(20)         144(2)       8194(1)       6177(1)       41(1)  
          C(21)        1088(2)       7689(1)       5964(1)       47(1)  
          C(22)        1760(2)       8002(2)       6161(1)       50(1)  
          C(23)        1510(2)       8820(2)       6585(1)       52(1)  
          C(24)         581(2)       9327(1)       6792(1)       51(1)  
          C(25)        -100(2)       9022(1)       6597(1)       46(1)  
          C(26)        2821(1)       5764(1)       -216(1)       32(1)  
          C(27)        1859(1)       6243(1)         16(1)       37(1)  
          C(28)        1661(2)       6897(1)       -543(1)       45(1)  
          C(29)        2402(2)       7085(1)      -1325(2)       53(1)  
          C(30)        3367(2)       6630(1)      -1550(2)       52(1)  
          C(31)        3567(2)       5976(1)       -994(1)       41(1)  
          C(32)        3775(1)       4315(1)         51(1)       32(1)  
          C(33)        4230(1)       3904(1)        569(1)       42(1)  
          C(34)        4982(1)       3149(1)        277(1)       45(1)  
          C(35)        5292(1)       2803(1)       -533(1)       42(1)  
          C(36)        4843(1)       3209(1)      -1052(1)       41(1)  
          C(37)        4072(1)       3947(1)       -758(1)       36(1)  
          C(38)        1542(1)       7962(1)       2346(1)       27(1)  
          C(39)         830(1)       8104(1)       2038(1)       29(1)  
          C(40)         751(1)       8875(1)       1526(1)       29(1)  
          C(41)        1438(1)       9464(1)       1322(1)       33(1)  
          C(42)        2163(1)       9319(1)       1624(1)       33(1)  
          C(43)        2212(1)       8560(1)       2152(1)       29(1)  
          C(44)        2863(1)       8227(1)       2586(1)       29(1)  
          C(45)        3576(1)       8594(1)       2685(1)       33(1)  
          C(46)        3989(1)       8167(1)       3229(1)       34(1)  
          C(47)        3693(1)       7373(1)       3710(1)       30(1)  
          C(48)        3002(1)       6993(1)       3570(1)       30(1)  
          C(49)        2601(1)       7408(1)       3021(1)       28(1)  
          C(50)         -79(1)       9082(1)       1270(1)       29(1)  
          C(51)        -525(1)       9989(1)       1227(1)       34(1)  
          C(52)       -1346(1)      10209(1)       1057(1)       35(1)  
          C(53)       -1747(1)       9514(1)        923(1)       31(1)  
          C(54)       -2620(1)       9540(1)        765(1)       33(1)  
          C(55)       -3343(2)      10263(1)        752(1)       43(1)  
          C(56)       -4112(2)      10084(1)        609(1)       49(1)  
          C(57)       -4171(2)       9198(1)        473(1)       49(1)  
          C(58)       -3446(1)       8474(1)        477(1)       42(1)  
          C(59)       -2684(1)       8648(1)        631(1)       33(1)  
          C(60)       -1829(1)       7966(1)        700(1)       32(1)  
          C(61)       -1297(1)       8602(1)        930(1)       29(1)  
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          C(62)        -476(1)       8387(1)       1106(1)       30(1)  
          C(63)       -1141(1)       7449(1)       -139(1)       31(1)  
          C(64)        -629(1)       7788(1)       -951(1)       37(1)  
          C(65)          -7(1)       7190(1)      -1628(1)       39(1)  
          C(66)          72(1)       6253(1)      -1475(1)       40(1)  
          C(67)        -455(1)       5906(1)       -664(1)       36(1)  
          C(68)       -1071(1)       6503(1)         18(1)       31(1)  
          C(69)       -1715(1)       6339(1)        920(1)       31(1)  
          C(70)       -1952(1)       5534(1)       1373(1)       36(1)  
          C(71)       -2640(2)       5573(1)       2228(1)       41(1)  
          C(72)       -3101(2)       6411(1)       2640(1)       42(1)  
          C(73)       -2858(1)       7220(1)       2188(1)       39(1)  
          C(74)       -2171(1)       7184(1)       1337(1)       31(1)  
          C(75)        4062(1)       6985(1)       4365(1)       30(1)  
          C(76)        3762(1)       6189(1)       4844(1)       35(1)  
          C(77)        4080(1)       5820(1)       5466(1)       34(1)  
          C(78)        4712(1)       6235(1)       5640(1)       30(1)  
          C(79)        5214(1)       5992(1)       6212(1)       31(1)  
          C(80)        5219(1)       5240(1)       6761(1)       35(1)  
          C(81)        5829(1)       5149(1)       7181(1)       37(1)  
          C(82)        6427(1)       5790(1)       7061(1)       38(1)  
          C(83)        6408(1)       6553(1)       6532(1)       36(1)  
          C(84)        5795(1)       6649(1)       6115(1)       31(1)  
          C(85)        5660(1)       7409(1)       5496(1)       31(1)  
          C(86)        5008(1)       7035(1)       5179(1)       30(1)  
          C(87)        4687(1)       7402(1)       4562(1)       31(1)  
          C(88)        5134(1)       8332(1)       5939(1)       31(1)  
          C(89)        4223(1)       8541(1)       6630(1)       39(1)  
          C(90)        3880(2)       9438(1)       6919(1)       46(1)  
          C(91)        4453(2)      10106(1)       6498(2)       54(1)  
          C(92)        5361(2)       9901(1)       5802(2)       56(1)  
          C(93)        5709(2)       9004(1)       5517(1)       40(1)  
          C(94)        6634(2)       8588(1)       4811(1)       39(1)  
          C(95)        7449(2)       8955(2)       4237(2)       52(1)  
          C(96)        8249(2)       8390(2)       3640(2)       54(1)  
          C(97)        8238(2)       7468(2)       3627(1)       49(1)  
          C(98)        7431(1)       7093(1)       4205(1)       40(1)  
          C(99)        6618(1)       7657(1)       4798(1)       33(1)  
          N(1)         -567(1)       7881(1)       5995(1)       48(1)  
          N(2)         3008(1)       5084(1)        355(1)       33(1)  
 
 
           Table 3.   Bond lengths [A] and angles [deg] for I0400_TT.  
 
            C(1)-C(2)                     1.519(3)  
            C(1)-C(38)                    1.528(2)  
            C(1)-C(49)                    1.530(2)  
            C(1)-C(13)                    1.537(2)  
            C(2)-C(3)                     1.391(2)  
            C(2)-C(7)                     1.406(2)  
            C(3)-C(4)                     1.386(3)  
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            C(3)-H(3A)                    0.9500  
            C(4)-C(5)                     1.401(2)  
            C(4)-N(1)                     1.428(2)  
            C(5)-C(6)                     1.406(2)  
            C(5)-H(5A)                    0.9500  
            C(6)-C(7)                     1.387(3)  
            C(6)-H(6A)                    0.9500  
            C(7)-C(8)                     1.482(2)  
            C(8)-C(9)                     1.404(2)  
            C(8)-C(13)                    1.406(2)  
            C(9)-C(10)                    1.394(3)  
            C(9)-H(9A)                    0.9500  
            C(10)-C(11)                   1.399(3)  
            C(10)-H(10A)                  0.9500  
            C(11)-C(12)                   1.399(2)  
            C(11)-N(2)                    1.440(2)  
            C(12)-C(13)                   1.383(2)  
            C(12)-H(12A)                  0.9500  
            C(14)-C(15)                   1.380(3)  
            C(14)-C(19)                   1.387(3)  
            C(14)-N(1)                    1.424(2)  
            C(15)-C(16)                   1.412(3)  
            C(15)-H(15A)                  0.9500  
            C(16)-C(17)                   1.378(4)  
            C(16)-H(16A)                  0.9500  
            C(17)-C(18)                   1.352(4)  
            C(17)-H(17A)                  0.9500  
            C(18)-C(19)                   1.371(3)  
            C(18)-H(18A)                  0.9500  
            C(19)-H(19A)                  0.9500  
            C(20)-C(21)                   1.398(3)  
            C(20)-C(25)                   1.400(3)  
            C(20)-N(1)                    1.422(2)  
            C(21)-C(22)                   1.383(3)  
            C(21)-H(21A)                  0.9500  
            C(22)-C(23)                   1.388(3)  
            C(22)-H(22A)                  0.9500  
            C(23)-C(24)                   1.382(3)  
            C(23)-H(23A)                  0.9500  
            C(24)-C(25)                   1.388(3)  
            C(24)-H(24A)                  0.9500  
            C(25)-H(25A)                  0.9500  
            C(26)-C(31)                   1.384(3)  
            C(26)-C(27)                   1.402(2)  
            C(26)-N(2)                    1.427(2)  
            C(27)-C(28)                   1.393(3)  
            C(27)-H(27A)                  0.9500  
            C(28)-C(29)                   1.376(3)  
            C(28)-H(28A)                  0.9500  
            C(29)-C(30)                   1.395(3)  
            C(29)-H(29A)                  0.9500  
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            C(30)-C(31)                   1.392(3)  
            C(30)-H(30A)                  0.9500  
            C(31)-H(31A)                  0.9500  
            C(32)-C(33)                   1.391(2)  
            C(32)-C(37)                   1.396(2)  
            C(32)-N(2)                    1.424(2)  
            C(33)-C(34)                   1.397(3)  
            C(33)-H(33A)                  0.9500  
            C(34)-C(35)                   1.380(3)  
            C(34)-H(34A)                  0.9500  
            C(35)-C(36)                   1.384(3)  
            C(35)-H(35A)                  0.9500  
            C(36)-C(37)                   1.393(2)  
            C(36)-H(36A)                  0.9500  
            C(37)-H(37A)                  0.9500  
            C(38)-C(39)                   1.380(2)  
            C(38)-C(43)                   1.403(2)  
            C(39)-C(40)                   1.405(2)  
            C(39)-H(39A)                  0.9500  
            C(40)-C(41)                   1.409(2)  
            C(40)-C(50)                   1.488(2)  
            C(41)-C(42)                   1.390(2)  
            C(41)-H(41A)                  0.9500  
            C(42)-C(43)                   1.400(2)  
            C(42)-H(42A)                  0.9500  
            C(43)-C(44)                   1.478(2)  
            C(44)-C(45)                   1.390(2)  
            C(44)-C(49)                   1.410(2)  
            C(45)-C(46)                   1.392(2)  
            C(45)-H(45A)                  0.9500  
            C(46)-C(47)                   1.416(3)  
            C(46)-H(46A)                  0.9500  
            C(47)-C(48)                   1.407(2)  
            C(47)-C(75)                   1.496(2)  
            C(48)-C(49)                   1.381(2)  
            C(48)-H(48A)                  0.9500  
            C(50)-C(51)                   1.408(2)  
            C(50)-C(62)                   1.410(2)  
            C(51)-C(52)                   1.382(2)  
            C(51)-H(51A)                  0.9500  
            C(52)-C(53)                   1.392(2)  
            C(52)-H(52A)                  0.9500  
            C(53)-C(61)                   1.407(2)  
            C(53)-C(54)                   1.466(2)  
            C(54)-C(55)                   1.395(2)  
            C(54)-C(59)                   1.408(2)  
            C(55)-C(56)                   1.379(3)  
            C(55)-H(55A)                  0.9500  
            C(56)-C(57)                   1.397(3)  
            C(56)-H(56A)                  0.9500  
            C(57)-C(58)                   1.395(3)  
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            C(57)-H(57A)                  0.9500  
            C(58)-C(59)                   1.377(2)  
            C(58)-H(58A)                  0.9500  
            C(59)-C(60)                   1.536(2)  
            C(60)-C(74)                   1.532(3)  
            C(60)-C(63)                   1.536(2)  
            C(60)-C(61)                   1.543(2)  
            C(61)-C(62)                   1.388(2)  
            C(62)-H(62A)                  0.9500  
            C(63)-C(64)                   1.374(3)  
            C(63)-C(68)                   1.411(2)  
            C(64)-C(65)                   1.402(3)  
            C(64)-H(64A)                  0.9500  
            C(65)-C(66)                   1.397(3)  
            C(65)-H(65A)                  0.9500  
            C(66)-C(67)                   1.383(3)  
            C(66)-H(66A)                  0.9500  
            C(67)-C(68)                   1.403(3)  
            C(67)-H(67A)                  0.9500  
            C(68)-C(69)                   1.459(3)  
            C(69)-C(70)                   1.394(3)  
            C(69)-C(74)                   1.414(2)  
            C(70)-C(71)                   1.384(3)  
            C(70)-H(70A)                  0.9500  
            C(71)-C(72)                   1.402(3)  
            C(71)-H(71A)                  0.9500  
            C(72)-C(73)                   1.401(3)  
            C(72)-H(72A)                  0.9500  
            C(73)-C(74)                   1.378(3)  
            C(73)-H(73A)                  0.9500  
            C(75)-C(87)                   1.405(2)  
            C(75)-C(76)                   1.418(3)  
            C(76)-C(77)                   1.389(2)  
            C(76)-H(76A)                  0.9500  
            C(77)-C(78)                   1.389(2)  
            C(77)-H(77A)                  0.9500  
            C(78)-C(86)                   1.413(2)  
            C(78)-C(79)                   1.476(2)  
            C(79)-C(80)                   1.403(2)  
            C(79)-C(84)                   1.403(2)  
            C(80)-C(81)                   1.390(2)  
            C(80)-H(80A)                  0.9500  
            C(81)-C(82)                   1.392(3)  
            C(81)-H(81A)                  0.9500  
            C(82)-C(83)                   1.398(3)  
            C(82)-H(82A)                  0.9500  
            C(83)-C(84)                   1.389(2)  
            C(83)-H(83A)                  0.9500  
            C(84)-C(85)                   1.534(2)  
            C(85)-C(99)                   1.520(3)  
            C(85)-C(86)                   1.535(2)  
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            C(85)-C(88)                   1.541(2)  
            C(86)-C(87)                   1.385(2)  
            C(87)-H(87A)                  0.9500  
            C(88)-C(89)                   1.380(3)  
            C(88)-C(93)                   1.400(3)  
            C(89)-C(90)                   1.398(2)  
            C(89)-H(89A)                  0.9500  
            C(90)-C(91)                   1.394(3)  
            C(90)-H(90A)                  0.9500  
            C(91)-C(92)                   1.380(3)  
            C(91)-H(91A)                  0.9500  
            C(92)-C(93)                   1.398(3)  
            C(92)-H(92A)                  0.9500  
            C(93)-C(94)                   1.470(3)  
            C(94)-C(95)                   1.385(3)  
            C(94)-C(99)                   1.404(2)  
            C(95)-C(96)                   1.390(3)  
            C(95)-H(95A)                  0.9500  
            C(96)-C(97)                   1.388(3)  
            C(96)-H(96A)                  0.9500  
            C(97)-C(98)                   1.385(3)  
            C(97)-H(97A)                  0.9500  
            C(98)-C(99)                   1.395(3)  
            C(98)-H(98A)                  0.9500  
            C(2)-C(1)-C(38)             115.19(14)  
            C(2)-C(1)-C(49)             111.27(14)  
            C(38)-C(1)-C(49)            101.44(13)  
            C(2)-C(1)-C(13)             101.08(13)  
            C(38)-C(1)-C(13)            108.79(13)  
            C(49)-C(1)-C(13)            119.74(14)  
            C(3)-C(2)-C(7)              121.21(18)  
            C(3)-C(2)-C(1)              126.88(16)  
            C(7)-C(2)-C(1)              111.77(15)  
            C(4)-C(3)-C(2)              119.57(17)  
            C(4)-C(3)-H(3A)             120.2  
            C(2)-C(3)-H(3A)             120.2  
            C(3)-C(4)-C(5)              119.66(17)  
            C(3)-C(4)-N(1)              119.12(16)  
            C(5)-C(4)-N(1)              121.15(19)  
            C(4)-C(5)-C(6)              120.50(19)  
            C(4)-C(5)-H(5A)             119.8  
            C(6)-C(5)-H(5A)             119.8  
            C(7)-C(6)-C(5)              119.69(17)  
            C(7)-C(6)-H(6A)             120.2  
            C(5)-C(6)-H(6A)             120.2  
            C(6)-C(7)-C(2)              119.01(16)  
            C(6)-C(7)-C(8)              133.23(16)  
            C(2)-C(7)-C(8)              107.75(16)  
            C(9)-C(8)-C(13)             118.89(16)  
            C(9)-C(8)-C(7)              132.45(17)  
            C(13)-C(8)-C(7)             108.60(14)  
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            C(10)-C(9)-C(8)             119.63(17)  
            C(10)-C(9)-H(9A)            120.2  
            C(8)-C(9)-H(9A)             120.2  
            C(9)-C(10)-C(11)            120.76(16)  
            C(9)-C(10)-H(10A)           119.6  
            C(11)-C(10)-H(10A)          119.6  
            C(10)-C(11)-C(12)           119.69(17)  
            C(10)-C(11)-N(2)            120.57(15)  
            C(12)-C(11)-N(2)            119.43(16)  
            C(13)-C(12)-C(11)           119.49(17)  
            C(13)-C(12)-H(12A)          120.3  
            C(11)-C(12)-H(12A)          120.3  
            C(12)-C(13)-C(8)            121.37(15)  
            C(12)-C(13)-C(1)            127.28(16)  
            C(8)-C(13)-C(1)             110.69(15)  
            C(15)-C(14)-C(19)           119.84(19)  
            C(15)-C(14)-N(1)            120.85(19)  
            C(19)-C(14)-N(1)            119.26(18)  
            C(14)-C(15)-C(16)           118.4(2)  
            C(14)-C(15)-H(15A)          120.8  
            C(16)-C(15)-H(15A)          120.8  
            C(17)-C(16)-C(15)           120.2(2)  
            C(17)-C(16)-H(16A)          119.9  
            C(15)-C(16)-H(16A)          119.9  
            C(18)-C(17)-C(16)           120.6(3)  
            C(18)-C(17)-H(17A)          119.7  
            C(16)-C(17)-H(17A)          119.7  
            C(17)-C(18)-C(19)           120.1(3)  
            C(17)-C(18)-H(18A)          120.0  
            C(19)-C(18)-H(18A)          120.0  
            C(18)-C(19)-C(14)           120.9(2)  
            C(18)-C(19)-H(19A)          119.6  
            C(14)-C(19)-H(19A)          119.6  
            C(21)-C(20)-C(25)           117.96(17)  
            C(21)-C(20)-N(1)            121.99(17)  
            C(25)-C(20)-N(1)            120.04(18)  
            C(22)-C(21)-C(20)           120.80(19)  
            C(22)-C(21)-H(21A)          119.6  
            C(20)-C(21)-H(21A)          119.6  
            C(21)-C(22)-C(23)           120.9(2)  
            C(21)-C(22)-H(22A)          119.5  
            C(23)-C(22)-H(22A)          119.5  
            C(24)-C(23)-C(22)           118.68(19)  
            C(24)-C(23)-H(23A)          120.7  
            C(22)-C(23)-H(23A)          120.7  
            C(23)-C(24)-C(25)           120.98(19)  
            C(23)-C(24)-H(24A)          119.5  
            C(25)-C(24)-H(24A)          119.5  
            C(24)-C(25)-C(20)           120.6(2)  
            C(24)-C(25)-H(25A)          119.7  
            C(20)-C(25)-H(25A)          119.7  
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            C(31)-C(26)-C(27)           118.64(18)  
            C(31)-C(26)-N(2)            121.95(17)  
            C(27)-C(26)-N(2)            119.40(19)  
            C(28)-C(27)-C(26)           120.1(2)  
            C(28)-C(27)-H(27A)          120.0  
            C(26)-C(27)-H(27A)          120.0  
            C(29)-C(28)-C(27)           120.85(19)  
            C(29)-C(28)-H(28A)          119.6  
            C(27)-C(28)-H(28A)          119.6  
            C(28)-C(29)-C(30)           119.4(2)  
            C(28)-C(29)-H(29A)          120.3  
            C(30)-C(29)-H(29A)          120.3  
            C(31)-C(30)-C(29)           119.8(2)  
            C(31)-C(30)-H(30A)          120.1  
            C(29)-C(30)-H(30A)          120.1  
            C(26)-C(31)-C(30)           121.11(19)  
            C(26)-C(31)-H(31A)          119.4  
            C(30)-C(31)-H(31A)          119.4  
            C(33)-C(32)-C(37)           118.63(16)  
            C(33)-C(32)-N(2)            120.12(16)  
            C(37)-C(32)-N(2)            121.24(15)  
            C(32)-C(33)-C(34)           120.50(18)  
            C(32)-C(33)-H(33A)          119.7  
            C(34)-C(33)-H(33A)          119.7  
            C(35)-C(34)-C(33)           120.62(18)  
            C(35)-C(34)-H(34A)          119.7  
            C(33)-C(34)-H(34A)          119.7  
            C(34)-C(35)-C(36)           119.16(18)  
            C(34)-C(35)-H(35A)          120.4  
            C(36)-C(35)-H(35A)          120.4  
            C(35)-C(36)-C(37)           120.74(19)  
            C(35)-C(36)-H(36A)          119.6  
            C(37)-C(36)-H(36A)          119.6  
            C(36)-C(37)-C(32)           120.27(17)  
            C(36)-C(37)-H(37A)          119.9  
            C(32)-C(37)-H(37A)          119.9  
            C(39)-C(38)-C(43)           121.91(16)  
            C(39)-C(38)-C(1)            127.21(16)  
            C(43)-C(38)-C(1)            110.87(14)  
            C(38)-C(39)-C(40)           119.97(16)  
            C(38)-C(39)-H(39A)          120.0  
            C(40)-C(39)-H(39A)          120.0  
            C(39)-C(40)-C(41)           117.76(15)  
            C(39)-C(40)-C(50)           120.12(16)  
            C(41)-C(40)-C(50)           121.98(16)  
            C(42)-C(41)-C(40)           122.47(17)  
            C(42)-C(41)-H(41A)          118.8  
            C(40)-C(41)-H(41A)          118.8  
            C(41)-C(42)-C(43)           118.91(17)  
            C(41)-C(42)-H(42A)          120.5  
            C(43)-C(42)-H(42A)          120.5  
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            C(42)-C(43)-C(38)           118.95(15)  
            C(42)-C(43)-C(44)           132.39(16)  
            C(38)-C(43)-C(44)           108.66(15)  
            C(45)-C(44)-C(49)           118.74(16)  
            C(45)-C(44)-C(43)           132.84(17)  
            C(49)-C(44)-C(43)           108.20(14)  
            C(44)-C(45)-C(46)           119.72(17)  
            C(44)-C(45)-H(45A)          120.1  
            C(46)-C(45)-H(45A)          120.1  
            C(45)-C(46)-C(47)           122.30(16)  
            C(45)-C(46)-H(46A)          118.9  
            C(47)-C(46)-H(46A)          118.9  
            C(48)-C(47)-C(46)           116.79(16)  
            C(48)-C(47)-C(75)           121.74(16)  
            C(46)-C(47)-C(75)           121.41(15)  
            C(49)-C(48)-C(47)           121.01(17)  
            C(49)-C(48)-H(48A)          119.5  
            C(47)-C(48)-H(48A)          119.5  
            C(48)-C(49)-C(44)           121.28(15)  
            C(48)-C(49)-C(1)            127.31(16)  
            C(44)-C(49)-C(1)            110.79(14)  
            C(51)-C(50)-C(62)           118.01(15)  
            C(51)-C(50)-C(40)           120.30(15)  
            C(62)-C(50)-C(40)           121.61(15)  
            C(52)-C(51)-C(50)           122.22(16)  
            C(52)-C(51)-H(51A)          118.9  
            C(50)-C(51)-H(51A)          118.9  
            C(51)-C(52)-C(53)           119.03(16)  
            C(51)-C(52)-H(52A)          120.5  
            C(53)-C(52)-H(52A)          120.5  
            C(52)-C(53)-C(61)           120.11(15)  
            C(52)-C(53)-C(54)           131.01(15)  
            C(61)-C(53)-C(54)           108.87(14)  
            C(55)-C(54)-C(59)           119.86(16)  
            C(55)-C(54)-C(53)           131.27(17)  
            C(59)-C(54)-C(53)           108.85(14)  
            C(56)-C(55)-C(54)           118.84(18)  
            C(56)-C(55)-H(55A)          120.6  
            C(54)-C(55)-H(55A)          120.6  
            C(55)-C(56)-C(57)           121.17(17)  
            C(55)-C(56)-H(56A)          119.4  
            C(57)-C(56)-H(56A)          119.4  
            C(58)-C(57)-C(56)           120.31(17)  
            C(58)-C(57)-H(57A)          119.8  
            C(56)-C(57)-H(57A)          119.8  
            C(59)-C(58)-C(57)           118.71(18)  
            C(59)-C(58)-H(58A)          120.6  
            C(57)-C(58)-H(58A)          120.6  
            C(58)-C(59)-C(54)           121.09(16)  
            C(58)-C(59)-C(60)           128.27(16)  
            C(54)-C(59)-C(60)           110.64(14)  
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            C(74)-C(60)-C(59)           113.41(15)  
            C(74)-C(60)-C(63)           101.60(14)  
            C(59)-C(60)-C(63)           113.59(14)  
            C(74)-C(60)-C(61)           116.01(14)  
            C(59)-C(60)-C(61)           101.05(13)  
            C(63)-C(60)-C(61)           111.74(15)  
            C(62)-C(61)-C(53)           120.41(15)  
            C(62)-C(61)-C(60)           129.17(15)  
            C(53)-C(61)-C(60)           110.40(14)  
            C(61)-C(62)-C(50)           120.13(15)  
            C(61)-C(62)-H(62A)          119.9  
            C(50)-C(62)-H(62A)          119.9  
            C(64)-C(63)-C(68)           120.79(17)  
            C(64)-C(63)-C(60)           129.09(16)  
            C(68)-C(63)-C(60)           110.11(16)  
            C(63)-C(64)-C(65)           119.89(18)  
            C(63)-C(64)-H(64A)          120.1  
            C(65)-C(64)-H(64A)          120.1  
            C(66)-C(65)-C(64)           119.6(2)  
            C(66)-C(65)-H(65A)          120.2  
            C(64)-C(65)-H(65A)          120.2  
            C(67)-C(66)-C(65)           120.93(18)  
            C(67)-C(66)-H(66A)          119.5  
            C(65)-C(66)-H(66A)          119.5  
            C(66)-C(67)-C(68)           119.63(17)  
            C(66)-C(67)-H(67A)          120.2  
            C(68)-C(67)-H(67A)          120.2  
            C(67)-C(68)-C(63)           119.18(18)  
            C(67)-C(68)-C(69)           131.72(17)  
            C(63)-C(68)-C(69)           109.10(15)  
            C(70)-C(69)-C(74)           119.91(18)  
            C(70)-C(69)-C(68)           131.17(17)  
            C(74)-C(69)-C(68)           108.85(16)  
            C(71)-C(70)-C(69)           119.42(18)  
            C(71)-C(70)-H(70A)          120.3  
            C(69)-C(70)-H(70A)          120.3  
            C(70)-C(71)-C(72)           120.75(19)  
            C(70)-C(71)-H(71A)          119.6  
            C(72)-C(71)-H(71A)          119.6  
            C(73)-C(72)-C(71)           119.9(2)  
            C(73)-C(72)-H(72A)          120.0  
            C(71)-C(72)-H(72A)          120.0  
            C(74)-C(73)-C(72)           119.50(18)  
            C(74)-C(73)-H(73A)          120.2  
            C(72)-C(73)-H(73A)          120.2  
            C(73)-C(74)-C(69)           120.49(17)  
            C(73)-C(74)-C(60)           129.13(16)  
            C(69)-C(74)-C(60)           110.28(16)  
            C(87)-C(75)-C(76)           116.65(16)  
            C(87)-C(75)-C(47)           122.20(16)  
            C(76)-C(75)-C(47)           121.11(15)  
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            C(77)-C(76)-C(75)           122.46(16)  
            C(77)-C(76)-H(76A)          118.8  
            C(75)-C(76)-H(76A)          118.8  
            C(76)-C(77)-C(78)           119.96(17)  
            C(76)-C(77)-H(77A)          120.0  
            C(78)-C(77)-H(77A)          120.0  
            C(77)-C(78)-C(86)           118.54(16)  
            C(77)-C(78)-C(79)           132.97(17)  
            C(86)-C(78)-C(79)           108.43(15)  
            C(80)-C(79)-C(84)           119.89(15)  
            C(80)-C(79)-C(78)           131.29(16)  
            C(84)-C(79)-C(78)           108.77(16)  
            C(81)-C(80)-C(79)           118.89(17)  
            C(81)-C(80)-H(80A)          120.6  
            C(79)-C(80)-H(80A)          120.6  
            C(80)-C(81)-C(82)           120.82(18)  
            C(80)-C(81)-H(81A)          119.6  
            C(82)-C(81)-H(81A)          119.6  
            C(81)-C(82)-C(83)           120.73(16)  
            C(81)-C(82)-H(82A)          119.6  
            C(83)-C(82)-H(82A)          119.6  
            C(84)-C(83)-C(82)           118.60(17)  
            C(84)-C(83)-H(83A)          120.7  
            C(82)-C(83)-H(83A)          120.7  
            C(83)-C(84)-C(79)           121.02(17)  
            C(83)-C(84)-C(85)           128.31(16)  
            C(79)-C(84)-C(85)           110.65(14)  
            C(99)-C(85)-C(84)           114.75(14)  
            C(99)-C(85)-C(86)           115.91(15)  
            C(84)-C(85)-C(86)           101.37(14)  
            C(99)-C(85)-C(88)           101.33(14)  
            C(84)-C(85)-C(88)           113.53(15)  
            C(86)-C(85)-C(88)           110.42(14)  
            C(87)-C(86)-C(78)           121.29(15)  
            C(87)-C(86)-C(85)           128.34(16)  
            C(78)-C(86)-C(85)           110.33(15)  
            C(86)-C(87)-C(75)           121.09(17)  
            C(86)-C(87)-H(87A)          119.5  
            C(75)-C(87)-H(87A)          119.5  
            C(89)-C(88)-C(93)           121.06(17)  
            C(89)-C(88)-C(85)           128.80(17)  
            C(93)-C(88)-C(85)           110.11(17)  
            C(88)-C(89)-C(90)           119.09(19)  
            C(88)-C(89)-H(89A)          120.5  
            C(90)-C(89)-H(89A)          120.5  
            C(91)-C(90)-C(89)           119.8(2)  
            C(91)-C(90)-H(90A)          120.1  
            C(89)-C(90)-H(90A)          120.1  
            C(92)-C(91)-C(90)           121.37(19)  
            C(92)-C(91)-H(91A)          119.3  
            C(90)-C(91)-H(91A)          119.3  
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            C(91)-C(92)-C(93)           118.9(2)  
            C(91)-C(92)-H(92A)          120.5  
            C(93)-C(92)-H(92A)          120.5  
            C(92)-C(93)-C(88)           119.79(19)  
            C(92)-C(93)-C(94)           131.07(19)  
            C(88)-C(93)-C(94)           109.14(16)  
            C(95)-C(94)-C(99)           120.69(18)  
            C(95)-C(94)-C(93)           131.08(18)  
            C(99)-C(94)-C(93)           108.19(17)  
            C(94)-C(95)-C(96)           118.9(2)  
            C(94)-C(95)-H(95A)          120.5  
            C(96)-C(95)-H(95A)          120.5  
            C(97)-C(96)-C(95)           120.6(2)  
            C(97)-C(96)-H(96A)          119.7  
            C(95)-C(96)-H(96A)          119.7  
            C(98)-C(97)-C(96)           120.8(2)  
            C(98)-C(97)-H(97A)          119.6  
            C(96)-C(97)-H(97A)          119.6  
            C(97)-C(98)-C(99)           119.09(19)  
            C(97)-C(98)-H(98A)          120.5  
            C(99)-C(98)-H(98A)          120.5  
            C(98)-C(99)-C(94)           119.86(19)  
            C(98)-C(99)-C(85)           128.93(17)  
            C(94)-C(99)-C(85)           111.20(16)  
            C(20)-N(1)-C(14)            118.58(15)  
            C(20)-N(1)-C(4)             119.98(16)  
            C(14)-N(1)-C(4)             121.32(15)  
            C(32)-N(2)-C(26)            122.17(16)  
            C(32)-N(2)-C(11)            120.81(14)  
            C(26)-N(2)-C(11)            116.70(14)  
 
 
Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for I0400_TT.  
    The anisotropic displacement factor exponent takes the form:  
    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  
   
                U11        U22        U33         U23      U13         U12  
    C(1)     26(1)      28(1)      26(1)      -2(1)     -10(1)      -5(1)  
    C(2)     26(1)      33(1)      27(1)      -1(1)     -14(1)      -4(1)  
    C(3)     33(1)      35(1)      30(1)      -5(1)     -11(1)      -8(1)  
    C(4)     32(1)      47(1)      28(1)      -8(1)     -11(1)      -8(1)  
    C(5)     30(1)      47(1)      26(1)      -2(1)      -8(1)      -9(1)  
    C(6)     33(1)      34(1)      31(1)       1(1)     -13(1)      -7(1)  
    C(7)     26(1)      33(1)      24(1)      -2(1)     -11(1)      -4(1)  
    C(8)     26(1)      32(1)      26(1)       0(1)     -12(1)      -5(1)  
    C(9)     34(1)      31(1)      33(1)       0(1)     -14(1)      -9(1)  
    C(10)    39(1)      29(1)      35(1)      -6(1)     -18(1)      -3(1)  
    C(11)    31(1)      33(1)      28(1)      -5(1)     -13(1)       0(1)  
    C(12)    28(1)      33(1)      29(1)       0(1)     -12(1)      -6(1)  
    C(13)    26(1)      28(1)      26(1)      -3(1)     -13(1)      -3(1)  
    C(14)    34(1)      37(1)      33(1)      -9(1)     -10(1)      -6(1)  
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    C(15)    62(2)      52(1)      60(2)      -5(1)     -38(2)      -7(1)  
    C(16)    53(2)      67(2)     114(3)     -35(2)     -51(2)      13(1)  
    C(17)    41(2)     124(3)      83(3)     -62(2)      -4(2)      -8(2)  
    C(18)    59(2)     129(3)      41(2)     -15(2)       0(2)     -32(2)  
    C(19)    46(1)      63(1)      41(2)       2(1)     -14(1)      -9(1)  
    C(20)    40(1)      55(1)      25(1)     -10(1)      -7(1)     -15(1)  
    C(21)    40(1)      61(1)      36(1)     -16(1)      -9(1)     -11(1)  
    C(22)    41(1)      69(2)      38(1)     -12(1)     -12(1)     -11(1)  
    C(23)    49(1)      72(2)      41(2)      -6(1)     -18(1)     -25(1)  
    C(24)    60(2)      53(1)      43(2)     -11(1)     -19(1)     -18(1)  
    C(25)    47(1)      52(1)      37(1)      -9(1)     -13(1)     -10(1)  
    C(26)    37(1)      33(1)      27(1)      -6(1)     -13(1)      -3(1)  
    C(27)    37(1)      40(1)      30(1)      -5(1)     -12(1)      -2(1)  
    C(28)    50(1)      43(1)      37(2)      -9(1)     -19(1)       9(1)  
    C(29)    67(2)      43(1)      38(2)      -2(1)     -19(2)      11(1)  
    C(30)    55(2)      46(1)      34(1)       2(1)      -5(1)       1(1)  
    C(31)    41(1)      37(1)      36(1)      -2(1)     -10(1)      -1(1)  
    C(32)    29(1)      32(1)      31(1)      -3(1)     -10(1)      -4(1)  
    C(33)    35(1)      51(1)      34(1)      -8(1)     -12(1)       2(1)  
    C(34)    36(1)      50(1)      46(2)      -2(1)     -19(1)       3(1)  
    C(35)    32(1)      35(1)      51(2)      -5(1)     -10(1)      -2(1)  
    C(36)    37(1)      39(1)      36(1)     -11(1)      -6(1)      -4(1)  
    C(37)    36(1)      36(1)      33(1)      -4(1)     -14(1)      -3(1)  
    C(38)    27(1)      27(1)      22(1)      -6(1)      -7(1)      -1(1)  
    C(39)    27(1)      30(1)      25(1)      -4(1)      -8(1)      -5(1)  
    C(40)    28(1)      30(1)      26(1)      -6(1)      -9(1)      -2(1)  
    C(41)    34(1)      29(1)      34(1)       2(1)     -14(1)      -4(1)  
    C(42)    33(1)      32(1)      35(1)       0(1)     -13(1)     -10(1)  
    C(43)    29(1)      29(1)      26(1)      -6(1)     -10(1)      -4(1)  
    C(44)    27(1)      32(1)      26(1)      -5(1)      -9(1)      -3(1)  
    C(45)    35(1)      32(1)      33(1)       3(1)     -14(1)     -12(1)  
    C(46)    32(1)      38(1)      38(1)      -2(1)     -17(1)     -10(1)  
    C(47)    28(1)      31(1)      30(1)      -4(1)     -12(1)      -2(1)  
    C(48)    30(1)      28(1)      31(1)      -3(1)     -11(1)      -3(1)  
    C(49)    27(1)      29(1)      25(1)      -6(1)     -10(1)      -2(1)  
    C(50)    28(1)      31(1)      25(1)      -2(1)      -9(1)      -2(1)  
    C(51)    37(1)      29(1)      35(1)      -2(1)     -15(1)      -5(1)  
    C(52)    41(1)      26(1)      39(1)      -5(1)     -21(1)       3(1)  
    C(53)    33(1)      31(1)      27(1)      -4(1)     -13(1)       1(1)  
    C(54)    33(1)      37(1)      27(1)      -2(1)     -13(1)       1(1)  
    C(55)    46(1)      41(1)      41(1)      -7(1)     -24(1)       8(1)  
    C(56)    42(1)      59(1)      46(2)      -8(1)     -25(1)      13(1)  
    C(57)    37(1)      63(1)      53(2)      -6(1)     -28(1)      -1(1)  
    C(58)    37(1)      47(1)      45(1)      -2(1)     -21(1)      -4(1)  
    C(59)    30(1)      36(1)      31(1)      -1(1)     -13(1)      -2(1)  
    C(60)    29(1)      33(1)      32(1)      -4(1)     -14(1)      -1(1)  
    C(61)    29(1)      30(1)      25(1)      -4(1)     -10(1)      -2(1)  
    C(62)    32(1)      27(1)      27(1)      -3(1)     -11(1)       0(1)  
    C(63)    30(1)      34(1)      32(1)      -2(1)     -17(1)      -4(1)  
    C(64)    39(1)      35(1)      41(1)      -1(1)     -20(1)      -6(1)  
    C(65)    36(1)      46(1)      32(1)       2(1)     -13(1)      -8(1)  
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    C(66)    38(1)      45(1)      36(1)     -11(1)     -16(1)       0(1)  
    C(67)    41(1)      34(1)      34(1)      -3(1)     -16(1)      -5(1)  
    C(68)    31(1)      33(1)      33(1)      -1(1)     -17(1)      -5(1)  
    C(69)    30(1)      34(1)      32(1)      -1(1)     -16(1)      -3(1)  
    C(70)    36(1)      34(1)      38(1)      -1(1)     -16(1)      -3(1)  
    C(71)    42(1)      40(1)      39(2)       4(1)     -17(1)      -9(1)  
    C(72)    39(1)      50(1)      30(1)      -1(1)      -9(1)      -9(1)  
    C(73)    39(1)      37(1)      37(1)      -6(1)     -13(1)      -3(1)  
    C(74)    28(1)      34(1)      33(1)      -3(1)     -15(1)      -3(1)  
    C(75)    27(1)      33(1)      27(1)      -4(1)      -9(1)      -3(1)  
    C(76)    35(1)      37(1)      37(1)      -4(1)     -17(1)      -7(1)  
    C(77)    35(1)      34(1)      33(1)       1(1)     -14(1)      -6(1)  
    C(78)    29(1)      30(1)      27(1)      -3(1)      -9(1)      -2(1)  
    C(79)    31(1)      32(1)      28(1)      -5(1)     -11(1)       0(1)  
    C(80)    36(1)      34(1)      33(1)      -2(1)     -12(1)      -4(1)  
    C(81)    40(1)      35(1)      30(1)      -2(1)     -14(1)       3(1)  
    C(82)    35(1)      46(1)      32(1)      -2(1)     -17(1)       0(1)  
    C(83)    35(1)      39(1)      33(1)       0(1)     -16(1)      -5(1)  
    C(84)    27(1)      34(1)      29(1)      -5(1)     -10(1)      -2(1)  
    C(85)    31(1)      33(1)      30(1)      -1(1)     -14(1)      -5(1)  
    C(86)    26(1)      30(1)      32(1)      -6(1)     -11(1)       0(1)  
    C(87)    28(1)      29(1)      32(1)      -1(1)     -11(1)      -3(1)  
    C(88)    32(1)      34(1)      29(1)      -2(1)     -15(1)      -4(1)  
    C(89)    39(1)      38(1)      39(1)      -1(1)     -17(1)      -7(1)  
    C(90)    43(1)      45(1)      41(1)     -10(1)     -11(1)      -2(1)  
    C(91)    55(2)      38(1)      58(2)     -15(1)     -13(1)      -4(1)  
    C(92)    56(2)      39(1)      59(2)      -5(1)     -10(1)     -14(1)  
    C(93)    40(1)      37(1)      39(1)      -3(1)     -14(1)      -7(1)  
    C(94)    38(1)      40(1)      36(1)       0(1)     -13(1)     -11(1)  
    C(95)    47(1)      47(1)      53(2)       3(1)     -10(1)     -17(1)  
    C(96)    41(1)      64(2)      47(2)       6(1)      -7(1)     -15(1)  
    C(97)    36(1)      59(1)      42(2)      -2(1)     -10(1)      -4(1)  
    C(98)    37(1)      41(1)      39(1)      -2(1)     -15(1)      -3(1)  
    C(99)    33(1)      41(1)      30(1)       1(1)     -18(1)      -7(1)  
    N(1)     34(1)      72(1)      32(1)     -23(1)      -2(1)     -16(1)  
    N(2)     36(1)      33(1)      25(1)      -6(1)     -11(1)       2(1)  
 
 
         Table 5.   Hydrogen coordinates ( x 10^4) and isotropic  
         displacement parameters (A^2 x 10^3) for I0400_TT.  
 
                              x               y                z               U(eq)  
          H(3A)         727          8155          4437          40  
          H(5A)       -1198          6444          5778          43  
          H(6A)        -544          5505          4563          39  
          H(9A)         652          4577          2989          39  
          H(10A)       1740          4164          1566          40  
          H(12A)       3013          6390          1265          36  
          H(15A)      -2130          8772          5814          65  
          H(16A)      -3777          9080          6897          88  
          H(17A)      -4167          8494          8282         104  



APPENDIX
   

 241

          H(18A)      -2952          7685          8639          97  
          H(19A)      -1335          7382          7599          63  
          H(21A)       1271          7123          5681          56  
          H(22A)       2401          7652          6005          60  
          H(23A)       1969          9026          6730          63  
          H(24A)        405          9893          7073          61  
          H(25A)       -737          9378          6750          56  
          H(27A)       1341          6122           555          44  
          H(28A)       1007          7216          -382          54  
          H(29A)       2258          7522         -1708          64  
          H(30A)       3887          6766         -2082          62  
          H(31A)       4225          5669         -1150          49  
          H(33A)       4028          4139          1126          50  
          H(34A)       5283          2871           639          54  
          H(35A)       5808          2293          -732          51  
          H(36A)       5061          2983         -1615          49  
          H(37A)       3748          4200         -1109          43  
          H(39A)        394          7681          2171          34  
          H(41A)       1405          9980           965          40  
          H(42A)       2617          9727          1474          40  
          H(45A)       3780          9134          2381          39  
          H(46A)       4487          8417          3280          41  
          H(48A)       2809          6444          3858          36  
          H(51A)       -252         10465          1318          40  
          H(52A)      -1632         10827          1032          42  
          H(55A)      -3305         10867           839          51  
          H(56A)      -4610         10571           604          59  
          H(57A)      -4709          9089           378          59  
          H(58A)      -3477          7872           375          50  
          H(62A)       -182          7769          1117          36  
          H(64A)       -695          8425         -1052          44  
          H(65A)        358          7421         -2188          46  
          H(66A)        493          5848         -1935          48  
          H(67A)       -400          5268          -569          44  
          H(70A)      -1644          4964          1098          43  
          H(71A)      -2802          5026          2539          49  
          H(72A)      -3578          6430          3225          50  
          H(73A)      -3165          7789          2465          47  
          H(76A)       3329          5897          4736          42  
          H(77A)       3864          5285          5773          41  
          H(80A)       4813          4801          6845          42  
          H(81A)       5838          4644          7555          44  
          H(82A)       6851          5708          7341          46  
          H(83A)       6806          6996          6459          43  
          H(87A)       4892          7946          4266          37  
          H(89A)       3834          8083          6906          46  
          H(90A)       3260          9591          7400          55  
          H(91A)       4213         10715          6695          65  
          H(92A)       5744         10363          5521          67  
          H(95A)       7461          9584          4252          63  
          H(96A)       8808          8636          3237          65  
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          H(97A)       8792          7090          3216          58  
          H(98A)       7432          6461          4198          48  
 

9.9.3.1 Angles between surface normals of π-systems and of the nitrogen plane 

Least-squares planes (x,y,z in crystal coordinates) and deviations from them 
 (* indicates atom used to define plane) 
 
  12.1780 (0.0073) x - 4.4775 (0.0110) y + 11.9563 (0.0097) z = 2.3993 (0.0094)  
 
 *   -0.0190 (0.0009)  C1 
 *    0.0133 (0.0010)  C2 
 *   -0.0017 (0.0010)  C7 
 *   -0.0121 (0.0010)  C8 
 *    0.0196 (0.0010)  C13 
 
 Rms deviation of fitted atoms =   0.0146 
 
 
 - 3.4847 (0.0121) x + 7.0529 (0.0115) y + 11.0714 (0.0110) z = 7.6618 (0.0104)  
 
 Angle to previous plane (with approximate esd) = 83.91 ( 0.06 ) 
 
 *   -0.0079 (0.0011)  C1 
 *    0.0129 (0.0011)  C38 
 *   -0.0125 (0.0011)  C43 
 *    0.0067 (0.0011)  C44 
 *    0.0008 (0.0011)  C49 
 
 Rms deviation of fitted atoms =   0.0093 
 
 
  12.0517 (0.0062) x - 5.4719 (0.0089) y + 10.7299 (0.0089) z = 1.4586 (0.0068)  
 
 Angle to previous plane (with approximate esd) = 78.47 ( 0.06 ) 
 
 *   -0.0227 (0.0011)  C8 
 *    0.0102 (0.0011)  C9 
 *    0.0128 (0.0012)  C10 
 *   -0.0235 (0.0011)  C11 
 *    0.0109 (0.0011)  C12 
 *    0.0122 (0.0011)  C13 
 
 Rms deviation of fitted atoms =   0.0163 
 
 
  13.2040 (0.0075) x + 9.9228 (0.0108) y + 6.7080 (0.0162) z = 9.3002 (0.0035)  
 
 Angle to previous plane (with approximate esd) = 65.28 ( 0.05 ) 
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 *    0.0000 (0.0000)  C11 
 *    0.0000 (0.0000)  C26 
 *    0.0000 (0.0000)  C32 
     -0.0467 (0.0018)  N2 
 
 Rms deviation of fitted atoms =   0.0000 
 
 
  8.4472 (0.0098) x + 12.0191 (0.0070) y + 11.1162 (0.0101) z = 9.0841 (0.0046)  
 
 Angle to previous plane (with approximate esd) = 33.23 ( 0.09 ) 
 
 *   -0.0129 (0.0012)  C26 
 *    0.0075 (0.0012)  C27 
 *    0.0047 (0.0013)  C28 
 *   -0.0115 (0.0014)  C29 
 *    0.0060 (0.0014)  C30 
 *    0.0063 (0.0013)  C31 
 
 Rms deviation of fitted atoms =   0.0087 
 
 
  13.2040 (0.0075) x + 9.9228 (0.0108) y + 6.7080 (0.0162) z = 9.3002 (0.0035)  
 
 Angle to previous plane (with approximate esd) = 33.23 ( 0.09 ) 
 
 *    0.0000 (0.0000)  C11 
 *    0.0000 (0.0000)  C26 
 *    0.0000 (0.0000)  C32 
     -0.0467 (0.0018)  N2 
 
 Rms deviation of fitted atoms =   0.0000 
 
 
  10.5589 (0.0086) x + 10.9510 (0.0081) y - 0.7584 (0.0139) z = 8.6966 (0.0031)  
 
 Angle to previous plane (with approximate esd) = 25.82 ( 0.09 ) 
 
 *    0.0107 (0.0014)  C32 
 *    0.0020 (0.0014)  C33 
 *   -0.0084 (0.0015)  C34 
 *    0.0019 (0.0014)  C35 
 *    0.0110 (0.0014)  C36 
 *   -0.0172 (0.0014)  C37 
 
 Rms deviation of fitted atoms =   0.0101 
 
 
  12.1507 (0.0064) x - 5.3028 (0.0095) y + 10.7909 (0.0093) z = 1.4050 (0.0091)  
 
 Angle to previous plane (with approximate esd) = 83.57 ( 0.05 ) 



APPENDIX
   

 244

 
 *   -0.0145 (0.0011)  C2 
 *   -0.0192 (0.0012)  C3 
 *    0.0334 (0.0012)  C4 
 *   -0.0138 (0.0012)  C5 
 *   -0.0199 (0.0011)  C6 
 *    0.0340 (0.0011)  C7 
 
 Rms deviation of fitted atoms =   0.0240 
 
 
 - 3.2938 (0.0173) x + 11.8021 (0.0107) y - 9.0764 (0.0166) z = 4.0172 (0.0176)  
 
 Angle to previous plane (with approximate esd) = 40.25 ( 0.10 ) 
 
 *    0.0000 (0.0000)  C4 
 *    0.0000 (0.0000)  C14 
 *    0.0000 (0.0000)  C20 
      0.0290 (0.0022)  N1 
 
 Rms deviation of fitted atoms =   0.0000 
 
 
  7.3453 (0.0117) x + 13.8016 (0.0057) y + 7.5236 (0.0149) z = 14.9228 (0.0076)  
 
 Angle to previous plane (with approximate esd) = 60.69 ( 0.07 ) 
 
 *   -0.0027 (0.0014)  C14 
 *   -0.0015 (0.0014)  C15 
 *    0.0071 (0.0017)  C16 
 *   -0.0087 (0.0019)  C17 
 *    0.0044 (0.0018)  C18 
 *    0.0013 (0.0016)  C19 
 
 Rms deviation of fitted atoms =   0.0051 
 
 
 - 3.2938 (0.0173) x + 11.8021 (0.0107) y - 9.0764 (0.0166) z = 4.0172 (0.0176)  
 
 Angle to previous plane (with approximate esd) = 60.69 ( 0.07 ) 
 
 *    0.0000 (0.0000)  C4 
 *    0.0000 (0.0000)  C14 
 *    0.0000 (0.0000)  C20 
      0.0290 (0.0022)  N1 
 
 Rms deviation of fitted atoms =   0.0000 
 
 
 - 0.7410 (0.0138) x - 6.9658 (0.0118) y + 13.2657 (0.0096) z = 2.4742 (0.0156)  
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 Angle to previous plane (with approximate esd) = 35.47 ( 0.11 ) 
 
 *    0.0012 (0.0015)  C20 
 *    0.0013 (0.0016)  C21 
 *   -0.0049 (0.0016)  C22 
 *    0.0061 (0.0017)  C23 
 *   -0.0037 (0.0016)  C24 
 *    0.0000 (0.0015)  C25 
 
 Rms deviation of fitted atoms =   0.0036 
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