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COMPLEXES OF PYRENE WITH 2,4,6-TRINITROANISOLE. 
STUDIES OF ASSOCIATION IN SOLUTION AND THE 

CRYSTAL STRUCTURE OF THE 1:1 COMPLEX 
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Ahatract-Cyclohexane solutions of 2,4,6trinitroanisole (A) containing excess pyrene (D) can be 
described in terms of a double equilibrium involving complexes DA and D,A. Formation constants for 
these complexes from A and from DA respectively from three independent experiments are in good 
agreement, the average values being K, = 9.7 kgmol-’ and K2 = 1.8 kgmol-’ at 33.5”. 

The crystalline complex was obtained by gel diffusion. The mw (C&H,,N,O,) corresponds to I:1 
stoichiometry C,,H,, C,H,N,O,. X-ray structure data: P2,/c, a = 10.633(7), b = 16.336(8), 
c = 11.683(7) A, b = 94.62(12)“. V = 2023 A’, F, = 924, p(CuKcc) = 8.3 cn-I, Z = 4. R = 0.091 for 1572 
reflexions. The crystal contains extended stacks ADADA, parallel to (101). The pyrene molecules are 
disordered by rotation over two sites. The majority site has an occupancy factor of 0.544(2). The angle 
between the normals to the mean planes of A and D is 7.0(4)“, allowing the nitro groups of A to twist 
out of the plane of the benzene ring by 41.0(1.0), 2.7(5) and 20.7(8)“. 

The stoichiometry of crystalline electrondonor- 
acceptor (EDA) complexes between neutral planar 
n-donors (D) and neutral planar n*-acceptors (A) is 
generally simple-usually I: 1 .I By contrast, it has been 
suggested that for many such interactions in solution 
a simple overall stoichiometry does not obtain.23 That 
is not to say that there are no 1:l associations in these 
solutions but that the behaviour cannot be explained 
in terms of only 1: 1 associations. For example under 
the usual concentration condition [D] 9 [A] a satis- 
factory interpretation of optical and NMR properties 
can be given if a double equilibrium is postulated in 
which complexes DA and D,A are formed thus:2A 

D + A=DA K, = [DAl/[DI[Al (1) 

DA + D=D2A K2 = lQAI/[DAI[Dl. (2) 

In order to test further the suggestion that the 
stoichiometry in the crystalline phase does not wholly 
determine the stoichiometry in solution we have 
studied the n-n* EDA system pyrene-2,4,6_trini- 
troanisole in the solid state and in solution in 
cyclohexane. 

Solution experiments. Cyclohexane was chosen as 
solvent as it shows one of the lowest solvent-solute 
interactions amongst the common solvents. A result 
of this choice is that we were constrained to the 
experimental condition [Db B [A]0 (the subscripts de- 
note the total, free and complexed, concentration of 
the species). Under these conditions we have assumed 
that the solution behaviour is as described in eqns (1) 
and (2). 

Sufficient information must be obtained5 to evalu- 
ate the four parameters implied by eqns (1) and (2): 
namely K,, K2 and, in the case of optical experiments 
c,. c2 (absorption coefficients of DA and D2A re- 
spectively at the wavelength of measurement); or in 
the case of NMR shift experiments &o(l) and b,(2) 
(chemical shifts of the measured nuclei in the A 

moiety of DA and D,A respectively relative to the 
shift of the same nucleus in free A). To this end the 
range of the fraction of A complexed (i.e. 
{[DA] + [D,A]}/[Ab), often termed the saturation 
fraction, s, should be large.5 We have been able to 
fulfil this condition in the present set of experiments. 
Incidentally, this condition has ruled out the possi- 
bility of effective experiments being carried out under 
the condition [DJ,, = [Ah. There, not only is the 
practical range of s very much smaller, but the 
information criterion is also higher because for such 
solutions consideration should be made of a third 
equilibrium involving DA, thereby extending the 
problem to one of evaluating six parameters. 

Two methods have been used to study the equi- 
libria. (a) The dependence of the ‘H NMR chemical 
shift of a given nucleus in A as a function of [Db.3 
From the shifts of the singlet from the ring protons 
of 2,4,6-trinitroanisole and of the singlet from the 
methyl group, two sets of values of K,, K2 have been 
obtained. The method has been previously de- 
scribed.3*4 A further subroutine corrects for the initial 
approximation [Db+[D]. (b) An established spec- 
trophotometric methcd3*s yields a further indepen- 
dent set of K,, K2 values. 

EXPERIMENTAL 

Pyrene was recrystallised three times from ethanol m.p. 
149”. lit6 m.p. 149-150”. 2,4,CTrinitroanisole (TNA) was 
prepared by the nitration of anisic acid, tecrystallised three 
timea from methanol, m.p. 68”. lit’ m.p. 67-8”. Cyclohexane 
was BDH “pure for spectroscopy”. All solutions were. made 
up by weight. All concentrations have been expressed in 
moles per kg of solution and all K values are in units 
mol kg-‘. 

Proton chemical shift measurements were made using a 
Bruker HX90 C.W. snectrometer ooeratina at 90 MHz. The 
solvent ‘H signal was used as internal ref&ence. The use of 
an internal reference for this type of experiment has been 
justified.’ 
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Optical measurements were made using a Varian Gary 
219 spectrophotometer. Because of overlapping absorptions 
of the complexed species with those of free A and free D, 
measurements of absorbance were made at 450nm which 
does not correspond to J._ for DA or D,A. All mea- 
surements were made at 33.5”. 

Concentration, measured chemical shift (A), optical ab- 
sorbance (A), and saturation-fraction (s) ranges are listed in 
Table 1.t 

Crysfal srrucfwe. Crystals of the complex were grown by 
gel diffusion using the Sephadex LH20-methanol toluene gel 
suggested by Desiraju er af.‘O 

After preliminary oscillation photographs, data were col- 
lected by equi-inclination Weissenberg photography for 
crystals mounted on the axes of the centred space group 
B2,/c. Data were. collected for layers (0-2)kl, h01 and 
hk(O-12) of this setting. Intensities were obtained from the 
SERC Microdensitometer Service and merged to give 1736 
unique reflexions. 

The data were re.-indexed into the standard space group 
P2,/c before attempting to solve the structure. All 
calculations were carried out using SHELX 76 and 
XANADU.“,” After inclusion of 1787 unobserved 
reflexions (with I = 0.5 I min) the direct methods routine 
EEES gave a model showing all non hydrogen atoms of the 
anisole and 6 atoms of pyrene. Refinement of this fragment 
gave R 0.26 and a Fourier map showed the remaining C 
atoms of pyrene. The model relined to R 0.19 with all atoms 
having isotropic thermal parameters and to R 0.14 with all 
non hydrogen atoms anisotropic. At this point a difference 
Fourier map showed an alternative position for the pyrene 
molecule. In all remaining calculations the pyrene molecule 
was considered to be partially occupying both sites, with the 
site occupancy factor allowed to refine. Since some of the 
observed bond lengths in the pyrene molecules were un- 
acceptable both molecules were ideal&d as rigid bodies 
using the dimensions from the neutron diffraction study by 
Hazel1 et al.” The oxygen atoms of the nitro groups were 
also ill-defined. In this case it proved that a model with 
anisotropic thermal parameters for ordered oxygen atoms 

tA list of the experimental data for both optical and 
NMR experiments has been deposited with the National 
Lending Library, Boston Spa. 

(R 0.122 for 217 parameters) was preferable to one with 
isotropic thermal parameters and disordered oxygen atoms 
(R 0.129 for 245 parameters). Refinement continued with 
the inclusion of all hydrogen atoms on calculated positions 
with isotropic thermal parameters and all non hydrogen 
atoms anisotropic to convergence at R 0.091 for 390 param- 
eters after the exclusion of 164 weak reflexions for which 
IF01 > 21F,(. The largest peaks on the final difference Fourier 
map where 0.4e/A’ in the region of the TNA ring. 

REXJLTS AND DI!XUSSlON 

The results of the solution experiments are sum- 
mar&d in Table 2. 

The close agreement of the values of K, and K2 
from the three independent determinations justifies 
the interpretation of the solution equilibria in terms 
of eqns (1) and (2). It must be recognised however, 
that we can only conclude that the solution behaviour 
is equivalent to the equilibria of eqns (I) and (2). 
There will be an essentially infinite array of possible 
D-A orientations so that to think in terms of a 
precise geometry, or precise stoichiometry, is mean- 
ingless. Any expression of the relative orientation(s) 
of the donor molecule(s) with an acceptor molecule 
and the stoichiometric ratio(s) that are used in such 
a description must involve the weighted average of 
the near-continuum of orientations. The association- 
dissociation processes for D-A interactions in solu- 
tion are very fast.14 The NMR method therefore 
measures the effects as a dynamically averaged spec- 
trum. The observation that &o(l) and A,,(2) values of 
the aromatic protons of TNA have larger upfield 
values than the corresponding values for the methyl 
protons of TNA (Table 2) suggests that the ring 
protons are more within the shielding cone of one (or 
more) D molecules than is the methyl group of TNA. 
This might be expected if the preferred 
configuration(s) involves the overlap of the HOMO 
of D with the LEMO of A where the D and A 
molecules lie in parallel planes as anticipated in 

Table 1. Experimental details of solution measurements 

Xethod 
grange [Alo= PI, a b 

/ml u-’ /ml kg-’ r 
_F=u+ 

/P.P.rn. 

!?_range 

optical 
(A 450 Im) 1.00 I IO-~ 0.006 - 0.16 88 0.05 - 0.7 0.01 - 0.22 - 

n.r.r. 
(-tic ‘Ii) 3.00 = 10-3 0.01 - 0.08 28 o.oy - 0.51 0.127 - 0.609 

(=mvl ‘a 3.00 L 10-5 0.01 - 0.2 41 0.09 - 0.73 0.069 - 0.541 

a coM(llltrat1cm0 in rnles per kg of eo1uticm. 

b 
- n = number of eolntiaas m-d. 

2 ; = satrrcatim mticm, llee text. 

AA -cheaLicalahiftofrearmred rmcleas in A in equilibrium mixture relative to the corntepondlng 

ehift in A in D oolutian in whioh [D], P 0. 

=A = optical absorbulce. 
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Table 2. Parameters” for equilibria in cyclohexane solution at 33.5” 
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Method $/kg ma-1 K$/k& mol-' Aoql)/p.p.m Ao~2)/p.p.m. +m' mol-' om-' e2c/dm3 ml-' am-' 

B.m.r. (Ar-proton) 9.7 _+ 0.6 1.6 + 0.2 1.14 + 0.12 2.27 2 0.33 

B.mr. (Me-pmton) 9.5 -+ 0.5 1.8 2 0.2 0.62 + 0.07 1.61 2 0.16 

optical 9.8 + 1.0 1.7 + 0.9 315 220 4022 150 

* Ermre at 9546 confidmoe level. 

a In u solution per mole 

E Upfield chemical nhiftn in DA(l) and D2A(2) of meaenmd nuclei mlativa to the corntspondFng Bhifte in A. 

a lblar absorption ooefficients for DA(l) and D24(2) at the wavelength of meamnxaen t (450 I&. 

Mulliken’s description” of n-donor-lr*-acceptor in- 
teractions. However, until detailed MO calculations 
on populations of structures of the type described can 
be made, such conclusions cannot be drawn with a 
reasonable degree of certainty. 

By contrast, the orientation of D molecules with 
respect to A molecules in the solid crystal lattice have 
been determined with precision. Atomic coordinates 
and thermal parameters are given in Table 3.t 

Figure I shows the bond lengths and angles in 
TNA. These contain no surprises. C8 is 0.907(2) A 
out of the plane of the ring Cl-C6. The normals to 
the planes of the nitro groups make angles to the 
normal to the ring of 41 .O” (N9), 2.7” (N 12) and 20.7” 
(Nl 5). Since literatureI dimensions were used for the 
pyrene molecule they are not quoted here. The re- 
lationship between the two pyrene positions is shown 
in Fig. 2. The rotation angle separating them is 15.3” 
with an angle between the normals to the pyrene 
planes of 1.4(S)“. This can be compared with the 
pyrene-pyromellitic dianhydride complex where a 
very similar disorder appears with a rotation angle of 
_ 23”.14 

Figure 3 shows the overlap of TNA with the two 
pyrene positions, viewed normal to the plane of 
TNA. With the minor pyrene position the long axis 
C22B. . .C27B is almost parallel to C2. . . C5 of the 
anisole to give a symmetrical arrangement of C3-C4 
and G-Cl over the centres of the pyrene rings. This 
symmetry is largely lost with the major position of the 
pyrene. 

The crystal structure determination shows the sim- 
ple 1:1 stoichiometry for this complex. It also estab- 
lishes the essential relationship between the two mo- 
lecular species, namely extended DADADA stacks in 
which the planes of adjacent molecules are close to 
parallel (Fig. 4). The pyrene molecules make angles 
of 6.5(8) and 7.6(8)0 to the trinitroanisole plane, 

--- 
tA list of observed and calculated structure factors has 

been deposited with the Cambridge Crystallographic Data 
Centre, Lensfield Road, Cambridge CB2 IEW. 

Table 3. Atomic coordinates (x IO’) and equivalent iso- 
tropic thermal parameters (x IO’) with ESD’s in paren- 
theses for the non-hydrogen atoms of the pyrene-2,4,6 

trinitroanisole complex 

Cl 

zi 
C4 

i5 
07 

: 
010 
011 
Bl2 
013 
014 
B15 
016 
017 
c21 
C22 
C23 
C24 
C25 
~26 
C27 
C28 
C29 
c30 
c31 
c32 
c33 
C34 
c35 
c36 
C21B 
c22B 
WB 
C24B 
C258 
C26B 
C27B 
c2ea 
c29B 

gi 
c3n 
c33B 
c34B 
c3w 
c3a 
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Fig. I. 2,4,6-Trinitroanisole molecule, viewed normal to the plane of the benzene ring, showing bond 
lengths (A) and angles (“). 

C 27 CU /- \ -_ 

C22 

26 

-. / 
.H 

c30 
/ 
c29 

Fig. 2. The pyrene molecules viewed normal to the plane of the major component. The minor component 
has bonds dotted. 
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Fig. 3(a). 
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Fig. 3(b). 
Fig. 3. View normal to the plane of the ring of the 2,4,6-trinitroanisole molecule showing the relation 
to (a) the majority position of the pyrene molecule; (b) the minority position of the pyrene molecule. 
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Fig. 4. Packing diagram viewed down b, including one half of the cell contents in the b direction. 

providing a wedge-shaped cavity for the anisole 
which allows for the 41” twist of (N9.010, 011) away 
from the plane of the ring and for the methoxy group. 
The average anisole to pyrene distance is 3.79 A and 
there are no contacts under 3.5 A. 

Whilst it is not possible, for the reasons stated 
above, to determine the average orientation of D 
molecules with respect to A molecules in their associ- 
ation in solution from the present NMR data, the 
observed values of A,,(l) and b,(2) for the ring 
protons and methyl protons of the TNA moiety are 
not inconsistent with the D-A arrangement observed 
in the crystal lattice. The average structures of DA 
pairs and DAD triplets in solution might on such a 
basis be considered to correspond to DA and DAD 
fragments in the extended stacks observed in the 
crystal. 
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