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sectionsg The calculations assume that the phenol behaves as 
an ideal gas, possibly underestimating the number density and 
yielding too large a cross section. 

Conclusion 
We have demonstrated a photoacoustic apparatus and technique 

capable of detecting a minimum absorptivity on the order of 4 
X IO-'O/cm. To demonstrate this sensitivity, we recorded the 4-0 
and 5-0 0 - H  overtone spectra of phenol in the gas phase using 
the vapor present over the solid at  room temperature. Several 
modifications to the standard methods of overtone photoacoustic 
spectroscopy were made to achieve this level of sensitivity. Two 
important and simple changes are that the cell is run at an acoustic 

resonance with a heavy rare gas as a buffer and that baffles are 
added between the windows and the region near the microphone. 
Although the cell design described in this paper is not necessarily 
optimal, we believe that it offers many advantages for intracavity 
gas-phase photoacoustic spectroscopy because the design is simple, 
inexpensive, easy to maintain, may be used for a wide variety of 
samples, even those with limited vapor pressure, and is still ex- 
tremely sensitive. 
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'H NMR spectra of the racemic and meso diastereomers of 2,4-di( 1-pyreny1)pentane (1DPP) in toluene-d, and of the 
I,n-di(1-pyreny1)alkanes (lPy(n)lPy with n = 0-10 and 13) and 1.n-di(2-pyreny1)alkanes (2Py(n)2Py with n = 1-10 and 
14) in chloroform-d were measured at room temperature. The conformer distribution in both lDPP molecules was determined 
from an analysis of the vicinal coupling constants between the methylene and methine protons. In meso-lDPP, an intramolecular 
sandwichlike ground-state dimer was detected, whereas in rac-lDPP a dimer only overlapping at the aromatic protons H9 
and H 10 is formed. The presence of both dimers was confirmed by time-resolved fluorescence measurements (single-photon 
counting (SPC)). With the dipyrenylalkanes, an analysis of the chemical shifts of the aromatic protons shows that sandwich 
dimers are not present. Only in the case of lPy(3)lPy is a partial-overlap dimer detected. These findings are supported 
by results from SPC measurements. 

Introduction 
Intramolecular excimer formation has been studied with various 

dipyrenylalkane~, '-~ including meso and racemic dipyrenyl- 
 pentane^,^,^ by employing photostationary and time-resolved 
fluorescence measurements. With 1,3-di(2-pyrenyl)propane, 
2Py(3)2Py, it has been shown that the monomer and .excimer 
fluorescence decays are double-e~ponential ,~ whereas triple-ex- 
ponential decays were observed in the case of 1,3-di(l-pyre- 
nyl)propane, IPy(3) IPy.'d,s These data have been analyzed by 
use of a kinetic scheme consisting of two or three discrete excited 
states, respectively, identified as one group of rapidly (<400 ps) 
interconverting monomer conformers and either one or two ex- 
~ i m e r s . ~ - ~  In a different approach, the monomer fluorescence 
decays of I Py( 3) 1 Py have been interpreted by using distributions 
of decay times.5bq6 As ground-state dimers have been detected 
in both series of the 1 ,n-bis(l-pyreny1carboxy)- and 1 ,n-bis(2- 
pyrenylcarboxy)alkanes,' leading to changes in the kinetic schemes 
and hence in the treatment of data coming from the fluorescence 
 experiment^,^^ the presence of dimers was also investigated for 
the corresponding dipyrenylalkanes. The results of these studies, 
comprising 'H NMR and time-correlated single-photon-counting 
(SPC) measurements, are reported in this paper. 

Experimental Section 
1,6-Di( 1 -py reny l )he~ane ,~  1 Py(6) 1 Py, was synthesized as 

follows. 6-( 1-Pyreny1)hexanoic acid (mp 200-201 "C) was made 
from the monoethyl ester of 1,6-hexanedioic acid chloride in a 

*Correspondence and reprint requests may be addressed to this author. 
'Present address: AT&T Bell Laboratories, Murray Hill, NJ 07974-2070. 
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Friedel-Crafts reaction with pyrene and subsequent reduction with 
hydrazine hydrate. The acid chloride of this compound was 
reacted with pyrene to I-(  l-pyrenoyl)-5-( 1-pyreny1)pentane (mp 
172-174 "C), which was reduced (Huang-Minlon) to lPy(6)IPy 
(mp 187-188 "C). The synthesis of the other compounds treated 
here has been described b e f ~ r e l ~ , ~ ~ , ~  or will be published elsewhere. 
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Figure 1. Conformers present in (a) the racemic and (b) the meso 
diastereomers of 2,4-di(2-pyrenyl)pentane (2DPP) and 2,4-di( i-pyre- 
nyl)pentane ( 1  DPP), based on an analysis of the vicinal coupling con- 
stants in the 'H N M R  spectra. The conformer TG(=GT) (within 
brackets i n  (a))  i s  not detected in  the racemic compounds at room tem- 
perature; see text. 

The meso and racemic diastereomers of 2,4-di( 1 -pyrenyl)pentane 
were separated by HPLC. The experimental conditions for the 
' H  NMR were the same as in the preceding paper.' The SPC 
measurements (at 520 nm) were carried out with a nanosecond 
flash lamp (N2? 337 nm),ld with substances purified by HPLC.  
A monochromator was used to select the excitation wavelength. 

Results and Discussion 
The conformer 

distribution in the racemic and meso diastereomers of 2,4-di(2- 
pyrenyl)pentane, rac- and meso-ZDPP, has been analyzed in detail 
on the basis of the vicinal coupling constants in the aliphatic 

In the case of rac-2DPP, the conformers TT and G G  
(Figure l a )  a re  present in a mole fraction ratio of 70/30 (chlo- 
roform-d) and 78/22 (toluene-d,) a t  27 OC. With meso-2DPP 
in these solvents, the predominant conformer is TG(=GT). In 
addition, a t  least 10% of the excimer-like ground-state dimer TT 
and smaller percentages of the other three conformers, except GG, 
were detected (Figure lb).3b Using these data, a connection 
between the conformer population and the chemical shifts can 
be made. This can then be used as a basis for the interpretation 
of chemical shift data of molecules for which the conformers 
cannot be determined directly from the vicinal coupling constants, 
as with IPy(3)I Py and the other dipyrenylalkanes, to the treated 
below. 

The changes in chemical shift for the aromatic protons H3-H7 
of rac- and meso-2DPP in toluene-d, a t  27 OC, as compared to 
2-isopropylpyrene ( ~ I P Y ) , ~ ~  A6 = 6(2DPP) - 6(2IPy), are depicted 
in Figure 2, with clearly different results for the two diastereomers. 
As possible through-bond interactions from one pyrenyl group on 
the other via the connecting chain will be identical for the two 
compounds, the differences in the chemical shift patterns must 
be brought about by ring-current effects.' reflecting the different 
conformer populations. 

In rac-2DPP, the two pyrenyls can only exert a ring-current 
effect on each other in conformer TT, as the separation between 
these groups in the second conformer GG is too large (Figure la).  
The A6 values for rac-2DPP (Figure 2a), therefore, represent the 
pattern for TT. In this conformer (cf. Table I11 in ref 3b) the 
proton H I  (=H3) is in the shielding cone of the other aromatic 
moiety, which explains the negative 1 6  value. The positive A6 
values for HS-H7 are due to the fact that these protons are located 
in the deshielding zone. 

For the predominant conformer TG(=GT) in mesu-2DPP, 
ring-current effects are not to be expected; see Figure I b. This 

rac- and  meso-2,4-Di( 2-pyreny1)pentane. 

0 1  r RAC-2DPP 

Figure 2. Differences in chemical shift A6 (in ppm) of the aromatic 
protons, with respect to the model substance 2-isopropylpyrene (ZIPy), 
of rac- and meso-2,4-di(2-pyrenyI)pentane (rac- and meso-2DPP) in 
chloroform-d at 27 "C (A8 = 8(2DPP) - J(2IPy). See text. The aro- 
matic protons H2-H7 are indicated as circles, in a side-on view of the 
pyrene moiety. 

is also the case for G G  and GG(=GG).  The experimentally 
observed changes in chemical shift (Figure 2b) must therefore 
come from TT, nejxt to a small contribution from the minor3b 
component TG(=GT). In the excimer-like ground-state dimer 
TT the two pyrenyls will exert a shielding on all aromatic H atoms. 
The relative magnitude of this effect on the different protons 
depends on the specific configuration of the two pyrenyls in the 
dimer. For example, identical shieldings occur for all protons in 
a parallel sandwich, as has been discussed' for [4.4](2,7)pyre- 
nophane and for the 1 ,n-bis(2-pyrenylcarboxy)alkanes, 2PC(n)- 
2PC, with n > 8. On the other hand, a shielding diminishing from 
H 3  toward H 7  (Figure 2b) points to a dimer in which the in- 
terplanar distance between the pyrenyls increases from H 3  toward 
H7. Such a wedge-shaped dimer structure is in fact to be expected 
in a dipyrenylpentane, considering the values of the van der Waals 
radii (0.35 nm)9 of the pyrenyls as compared to the distance 
requirements set by the alkane chain in the TT conformer of 
meso-2DPP. 

ruc- and meso-2,4-Di( I-pyrenyI)pentane. The 'H NMR spectra 
of ruc- and meso-lDPP in toluene-d, a t  24 OC are analyzed in 
a manner similar to that used for ruc- and meso-2DPP (aliphatic 
protons)3b and lPy(3) lPy  (aromatic protons); see below. The 
coupling constants and chemical shifts are listed in Table I, where 
also the data for the model substance I-isopropylpyrene (IIPy) 
can be found. The conformer populations a re  determined ac- 
cording to the same procedure employed with the 2,4-di(2-py- 
renyl)pentanes, considering first only one, then two, and, when 
necessary, more than two conformers at a time.3b In this procedure 
the calculated data of Table I1 are used.IO 

ruc-IDPP. In the NMR spectrum of ruc-lDPP,2a in contrast 
to ruc-2DPP,lb no split s is observed for the central peak of the 
methylene triplet. Moreover, a line-form analysis shows that a 
broadening of this peak has not occurred. From s = 0, it then 
follows that AJ = 0; Le.. 3JAx = 3JAx, (Table I ) . 3 b 3 1 ' a 9 1 2  Only 

(9) (a) Staab, H. A.; Riegler, N.; Diederich, F.; Krieger, C.; Schweitzer, 
D. Chem. Ber. 1984. If 7, 246. 

(10) Contrary to the statement in  Table VI of ref 3b, the methylene 
protons in the conformer pairs such as TG(=GT) in meso-2DPP are not 
equivalent; i.e., the ring-current effects exerted in TG are not canceled by GT; 
see ref 1 l a .  Therefore, the expected ring-current effects given for A6(CH2) 
in  that table are in error. This is corrected in the present Table 11. The 
conclusions presented in ref 3b are not affected. 

(I 1) (a) Bovey, F. A.  Nuclear Magnetic Resonance Specrroscopy; Aca- 
demic: New York, 1988. (b)  Gunther, H. NMR Specrroscopy. A n  Intro- 
ducr'w; Wiley-Interscience: New York, 1980. (c) Emsley, J .  W.; Feeney, 
' Wfe,  L. H. High Resolution Nuclear Magnetic Resonance Spectros- 

'rgamon: Oxford, 1967: Vol. 1 .  
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TABLE I: Chemical Shifts, 6 (in ppm), and Vicinal Coupling 
Constants, J (in Hz), for the Racemic and Meso Diastereomers of 
2,4-Di(l-pyrenyl)pentane (rac- and meso-1DPP) and for 
1-lsoerowlevrene (1IPv) in Toluene-de at 24 'C 

substance roc- 1 DPP 1 IPy meso- 1 DPP 
2.398 
3.626 
1.375 
6.90 
0.0 
7.55 
7.55 

7.874 
8.020 
7.867 
7.827 
7.887 
7.655 
7.458 
6.839 
7.130' 
8.05 
9.07 
7.63 
9.34 
1 . 1  

3.829 
1.379 
6.90 

7.813 
7.946 
7.809 
7.783 
7.930 
7.758 
7.910 
7.888 
8.168 
7.97 
9.06 
7.60 
9.32 
1.1 

2.46912.108 
3.847 
1.423 
6.79 

7.57 
7.01 
-13.7 
7.857 
8.013 
7.810 
7.780 
7.910 
7.742 
7.877 
7.755 
8.000 
7.99 
9.0 
7.63 
9.3 
1 .o 

See text and refs 3b and 1 1 a .  *Vicinal coupling constant between 
a methine proton ( A )  and a methylene proton (X or X') i n  ruc-IDPP. 
CVicinal coupling constant between a methine proton (A) and a meth- 
ylene proton ( M  or X )  in meso-lDPP. dJgcm is the geminal coupling 
constant between the methylene protons. eThe  lines attributed to H9 
and H I 0  are unusually broad (line width 7.2 Hz). This phenomenon 
will be treated in a separate publication. 

for TG(=GT), in a single-conformer approach, are the calculated 
coupling constants jJAX and jJAXt (7.5 Hz, Table 11) close to the 
experimental value of 7.55 Hz (Table I) .  However, this conformer 
would lead to a positive A6 (= G(rac-lDPP) - G(1IPy)) for C H  
and a negative A6 for C H 3  (see Table 111 of ref 3b), contrary to 
observation: A6(CH) = -0.203 ppm and A6(CH3) = -0.004 ppm 
(Table I ) .  I n  an analysis with two conformers, only pairs from 
the set TT, GG, and TG(=GT)  can be considered, as the other 
members of the total conformer population (Table 11) would lead 
to a lowering of the mean value ( J )  of 3JAX and 3JAX,. An 
appreciable participation of TG(=GT) can be excluded, however, 
as 6(CH3) does not show the then expected upfield shift; see above. 
Therefore, only T T  and GG remain. From 3JAx = jJAX, (Table 
I ) ,  it can be d e d ~ c e d ~ ~ - " ~  that their mole fraction is equal to 
50/50.13 For rac-1 DPP in chloroform-d the same result has been 
obtained.2a 

meso-/ DPP. From a comparison of the experimental coupling 
constants 3JAM = 7.57 Hz and 3JAX = 7.01 Hz of meso-lDPP 
in toluene-d8 (Table I )  with the calculated couplings for the six 
different staggered conformers (Table II), it follows immediately 
that these data cannot be explained with only one conformer. This 
also applies to TG(  =GT), the conformer with couplings ap- 
proaching the experimental data.I4 

Allowing two conformers and taking the d3ta from Table 11, 
it is seen that, e g ,  the pair TG(=GT) + TG(=GT) in a mole 
fraction ratio 9 /  1 would approximately reproduce the experi- 
mentally determined coupling 3 J A x .  However, this pair would 
lead to an overall shielding for the methine proton (Table 11), 

(12)  s = (Jr2  + AP)II2 - IJ I where J is the geminal coupling 
constant 2Jxx. etween the methyf% protons r a n d  X' and AJ = I3JAX - 
3JAx.I; see ref 1 3. 

( 1  3) When in rac-1 DPP the two conformers TT and GG with mole frac- 
tions XI and X 2  are present, AJ = 13JAx - 3JAx,l = IX, - X21(J, - J , ) ,  where 

and )JAX, are the vicinal couplings between the methine proton A and 
the methylene protons X and X'. J ,  and J ,  are the trans and gauche couplings, 
respectively; see refs 1 la  and 3b. 

(14) For meso-lDPP in chloroform-d a mole fraction of 99% for TG(=- 
GT) has been reported; see ref 2a. 

o'2t @ RAC-IDPP MESO-1DPP @ 1 
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Figure 3. Differences in chemical shift A6 (in ppm) of the aromatic 
protons, with respect to the model substance 1-isopropylpyrene (1  IPy), 
of roc- and meso-2,4-di(l-pyrenyI)pentane (roc- and meso-1 DPP) in 
chloroform-d at  24 OC (A6 = 6( 1 DPP) - 6( 1 IPy)). See Table I. The 
aromatic protons H2-H7 are indicated as circles, in a side-on view of the 
pyrene moiety. 

whereas a deshielding (A6 = 0.013 ppm) is in fact observed; see 
Table I .  This deshielding can be attributed to the ground-state 
dimer TT, in which a strong shift to higher ppm values occurs 
for the C H  group (Table 11). Taking another combination with 
TT, the pair TG(=GT)  + TT would result in a value between 

Hz would then practically exclude a participation of TT. However, 
an increase in 3 J A M  caused by TT can be compensated by the 
presence of GG. In such a case, the mole fraction difference 
between TT and G G  equals 5.6%, determined from the experi- 
mental difference AJ = 0.56 H z  as compared to the calculated 
value of 10.0 Hz (Table 11). As the three conformers TG(=GT), 
TT, and G G  have a value of 7.5 Hz for ( J ) ,  clearly larger than 
the observed value of 7.29 Hz, they cannot be the only ones. 
Hence, some admixture of TG(=GT)  and GG(=GG) is neces- 
sary.I5 The resulting conformer population in meso-1 DPP, with 
TG( =GT) as the major conformer, next to TT, GG, TG(  =GT), 
and GG(=GG),  is similar to what has been observed with 
meso-2DPP (Figure lb) and is in accord with calculations of the 
conformer energies for me~o-2,4-diphenyIpentane.~~J~ It should 
be pointed out in this connection that the IH NMR spectrum of 
meso-lDPP" reveals that this substance contains around 15% of 
an impurity, cis- and trans-2,4-di( 1-pyreny1)pentene-2, in about 
equal amounts.I8 This impurity could not be removed by HPLC. 
Such a pentene elimination product has also been encountered 
with mes0-2,4-di(N-carbazolyI)pentane.'~ For this reason, 
time-resolved monomer fluorescence measurements of meso- 1 DPP 
can be complicated by the presence of these pentenes20 

7.5 and 12.5 Hz for 3JAM (Table 11). The observed 3JAM of 7.57 

(1 5) The conformers TG(=GT) and GG(=GG) are expected to be present 
in equal amounts, on the basis of a calculation of the relative conformer 
energies im meso-2.4-diphenylpentane; see ref 16. These calculations also 
show that the presence of GG can be excluded. 

(16) Moritani, T.; Fujiwara, Y. J .  Chem. Phys. 1973, 59, 1175. 
(17) The assignment of the resonances of meso-lDPP (see Table I) and 

of cis- and trans-2,4-di( 1-pyreny1)pentene-2 is confirmed by analyzing a 
2D-COSY NMR spectrum. The amount of the two pentenes (15%; see text) 
is determined by integration of their NMR resonances. An analysis of the 
mass spectrum of meso-lDPP (around 10% of the pentenes) supports this 
conclusion. 

(18) From molecular mechanics calculations (Program MMP2, Revision 
6.0; Molecular Design Limited: San Leandro, CA) on 2,4-di( 1-pyreny1)- 
pentene-2, a dihedral angle of around 55' between the pyrenyl and the 
ethylenic groups was determined. In accordance with this relatively large 
dihedral angle, only small differences were found to exist between the 
fluorescence and absorption spectra of the pentenes and those of meso-1 DPP, 
making the detection of the pentenes in these spectra difficult. 

(19) Evers, F.; Kobs, K.; Memming, R.; Terrell, D. R. J .  Am.  Chem. Sot. 
1983, 105, 5988. 

(20) meso- IDPP undergoes a photochemical reaction under laser excitation 
at 298 nm. As a consequence, the amplitude of the shortest excimer decay 
time decreases with the duration of the excitation. Such a reaction is not 
obvious at an excitation wavelength of 330 nm. 
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TABLE 11: Calculated Vicinal Coupling Constants 3J,x, 3JAx,,  and ) J M  (in Hz) and Expected Ring-Current Effects, As Compared to 
24sopropylpyrerie, on the Chemical Shifts for the Various Protons of the Staggered Conformers in the Racemic and Meso Diastereomers of 
2,4-Di(2-pyrenyl)pentane (rac- and meso-2DPP)" 

rac-2DPP meso-2DPP 
conformer 3JAX 3 J A x ,  3JAX a(CH3) 6(CH) 6(CH2) AS(CH2)b 
T T  12.5 2.5 12.5 2.5 (+) ++  + ++ 
GG 2.5 12.5 2.5 12.5 0 0 ++ =O 

0 (+I ++ GG 2.5 2.5 2.5 2.5 ( + + I  
TG(=GT)  7.5 7.5 7.5 7.5 (+I 

2.5 7.5 ' 2.5 - 0 =O 

- 

- + + 
- 

- + + + 
TG(=GT) 7.5 
GG(=GG) 2.5 7.5 2.5 7.5 

'See Table V I  in ref 3b and ref 10. bPG(CH,) = 6(CH2)M - 6(CH2)x. An effect leading to lower ppm values (-) for the chemical shift is caused 
by a pyrenyl group positioned over a proton. A shift to higher ppm values (+) is observed when a pyrenyl group is located next to a proton (reversed 
ring current effect). Otherwise no effect (0) is found. A double sign (+ +) is used when both halves of 2DPP give a contribution. Parentheses 
around +/- indicate a minor effect. 
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Figure 4. Schematic representations of the possible rotamers in the TT 
conformers of  (a) rac- and (b) meso-2,4-di( 1-pyreny1)pentane (ruc- and 
meso- 1 DPP). Rue- and meso-2,5-di(2-pyrenyI)pentane ruc- and meso- 
2DPP) are also depicted for comparative purposes. The rotamer TITl 
is favored energetically, as in  TI the repulsion between the CH, group 
and the aromatic proton H2 is smaller than in T2. 

Chemical Shifts of rac- and meso-IDPP. The chemical shift 
differences A6 for rac- and meso-1 DPP, as compared to 1 IPy, are 
presented in Figure 3, showing considerably different pictures. 
For rac-1 DPP, a strong shielding (--A6 > 1 .O ppm) is observed 
for H9 and H IO,  whereas a smaller shielding is found for H8-H6 
and a deshielding occurs for H2-H5. With meso-lDPP, the 
absolute A6 values a re  much smaller than for rac-1 DPP. Nev- 
ertheless, for H9 and H10 a considerable shielding is observed. 

I n  the discussion of these data it should be recalled that the 
number of possible conformers for the 2,4-di( 1 -pyrenyl)pentanes 
is 4 times as large as that for the 2,4-di(2-pyrenyl)pentanes." This 
is the case, as for each pyrenyl group two orientations are possible 
(Figure 4a,c), leading to three or four different rotamers. This 
means that with rac- and meso-IDPP six sets of four rotamers 
have to be taken into account. In conformer GG of rac- lDPP 
(Figure la), the pyrenyls are too far apart to undergo ring-current 
effects (see Table I11 of ref 3b). Therefore, the large shielding 
on H9 and HI0  (Figure 3a) is attributed to one of the three 
possible rotamers of the TT conformer ( T I T l  in Figure 4a). In 
this partial-overlap conformer TITI ,  the two pyrenyls only overlap 
a t  the protons H9 and H10, without forming a sandwichlike 
ground-state dimer. The smaller shielding of H8 and H7 means 
that these protons are approaching the deshielding cone, which 
is responsible for the positive A6 values for H2-H5 (Figure 3). 
It has been suggested3b that the configuration of rac-1 DPP in 
which the pyrene moieties overlap a t  the protons H10-H7, is 
structurally related to the asymmetric, relatively short-lived (73 
ns, n - h e ~ a d e c a n e ) ~ ~  excimer of 1 Py(3) 1 Py. In rac-1 DPP this is 
the by far predominant excimer, as is seen from the amplitude 
ratio 103.5/2.8 of the decay times r2 (64.2 ns) and r 1  (146 ns) 
in Figure 5b, below. 

In meso-lDPP, neither the major conformer TG(=GT) nor G G  
and GG(=GG) give rise to ring-current_effe_cts, which a re  only 
to be expected (Figure lb) for TT and TG(=GT).3b In TT, three 
different rotamers have again to be envisaged: TIT, ,  T1T2(=T2TI), 
and T2T2; see Figure 4c. The rotamers TITl and T2T2 are fully 
overlapping dimers, leading to a shielding for all aromatic protons 
as discussed with meso-2DPP, whereas in T1T2(=T2Tl) the py- 
renyls only overlap a t  one aromatic ring. In the conformer TG- 
(=GT) the same relative orientations of the pyrenyl groups are 
present as in TT of rac-IDPP (Figure 4a), although the methyl 
groups take up different positions. The shielding of H9 and H10, 
therefore, is attributed to TG(=GT). As-a result, the superposition 
of the contributions from t_he three rotamers in each of the two 
conformers TT and TG(=GT) leads to the A6 pattern observed 
for meso- 1 DPP (Figure 3b). 

S P C  Measurements. meso- and rac-1 DPP. The presence of 
excimer-like ground-state dimers can be tested by measuring the 
ratio of the negative and positive amplitudes in excimer 
fluorescence decays.' The  time-resolved (SPC) excimer 
fluorescence response functions of meso- and rac-1 DPP in toluene 
a t  25 OC are  shown in Figure 5.21 The ratio of the negative 
amplitude A(-) = A23 and the sum of the two positive amplitudes 
A(+) = A21 + Az2, R = -A(-)/A(+), in the triple-exponential 
representations of the excimer fluorescence intensity iD(t) 

iD(t)  = A2,e-'f7I + Az2e-'f72 + Az3e-'f73 ( 1 )  

of both compounds (eq l ) ,  clearly is smaller than unity: R = 0.82 
for meso-lDPP and R = 0.46 for rac-lDPP.22 A similar ob- 
servation has been made with meso-2DPP ( R  = 0.90), whereas 
with rac-2DPP a value of R close to unity ( R  = 0.98) was found.3b 
It was then concluded that excimer formation with meso-2DPP, 
in contrast to rac-2DPP, can take place directly*' by light ab- 
sorption in the excimer-like conformer TT, present to at least 10% 
(see above). The observation that R = 0.82 for meso-lDPP 

(21) It should be noted that the longest time ( 7 , )  in the excimer fluores- 
cence decay of ruc-lDPP in toluene at 25 O C  (Figure 5b) cannot be deter- 
mined with high precision, due to the unfavorably large value of the ratio 
A 2 2 ~ 2 / A 2 1 ~ l .  The monomer fluorescence decay of rac-IDPP can only be fitted 
with four exponentials. 

(22) The value of the excimer amplitude ratio R = - A ( - ) / A ( + )  remains 
unchanged, when the excimer fluorescence response functions depicted in 
Figure 5 are fitted with four exponentials in a global analysis (ref 3) together 
with the corresponding monomer decays (see ref 21). In the excimer decays, 
the shortest subnanosecond time r4 is not resolved under the time resolution 
of the experiment. SPC experiments with meso- and rue-lDPP in toluene at 
25 'C, using a picosecond laser instead of a nanosecond flash lamp as the 
excitation source (same time per channel), result in similar values for the 
amplitude ratio R. 

(23) The observation that the amplitude ratio R = -A(- ) /A(+)  is smaller 
than unity, when other factors influencing R (see ref 7) can be excluded, does 
not necessarily mean that excimers are formed instantaneously after light 
absorption by a ground-state dimer. It can also indicate that excimer for- 
mation takes place from conformers in which a change in the relative con- 
figuration of the pyrenyl groups occurs within the time resolution of the SPC 
experiment. This cannot be decided from the data presented here. Experi- 
ments with improved time resolution are in progress to investigate this par- 
ticular problem. 
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TABLE 111: Chemical Shifts, 6 (in ppm), of l,n-Di(Z-pyrenyl)alkanes (ZPy(n)2Py) and of 2-Ethylpyrene (2EtPy) in Chloroform-d at 24 OC 
6(H1) 6(H4)' 6(H5) 6(H6)" 6(H7) ~ ( c x - C H ~ )  6(/3-CH,) 6(y-CHz) 

2Py(n)2Py, n = 
1 8.123 8.009 8.052 8.162 7.978 4.891 
2 8.084 8.022 8.063 8.175 7.989 3.612 
3 8.040 8.026 8.052 8.158 7.972 3.200 2.446 
4 8.003 7.980 8.037 8.153 7.975 3.140 2.001 
5 8.007 7.975 8.017 8.149 7.969 3.071 1.950 1.59 
6 7.988 8.003 8.039 8.152 7.965 3.055 1.882 1.53 
7 7.983 7.992 8.026 8.144 7.962 3.042 1.853 1.48 
8 7.989 8.009 8.036 8.146 7.961 3.036 1.848 b 
9 7.989 8.010 8.034 8.144 7.958 3.032 1.837 b 
I O  7.993 8.016 8.038 8.146 7.960 3.035 1.837 b 
14 7.998 8.019 8.041 8.146 7.959 3.039 1.840 b 

2EtPy 8.01 1 8.016 8.039 8.141 7.954 3.089 (1 .464)c 

A2,(EXC) -639 16 2 61 5 I I 

03Jd5 = 9.04 Hz, 3567 = 7.65 f 0.03 Hz, independent of chain length 

similarly supports the conclusion deduced from its N M R  spectrum 
discussed above, that a preformed excimer (TT, see Figure 4c) 
is present in this compound. The shortest decay times 73 of both 
meso dipyrenylpentanes are of the same order of magnitude: 2.5 
ns (meso-l DPP, Figure 5a) and 2.0 ns (mes0-2DPP) .~~  From 
this similarity it is concluded that the same conformers are op- 
erating in the excimer formation process of both meso compounds 
(Figure 1 b). With rac-lDPP (Figure 5b), however, the shortest 
decay time ( T ~  = 1 .O ns) has a considerably smaller value than 
that observed with rac-2DPP ( T ~  = 16.8 ns, ref 3b), indicating 
that excimer formation is more rapid with ruc-lDPP than with 
rac-ZDPP, in spite of the fact that both compounds have identical 
alkane chains. The difference has been attributed3b to the presence 
of rotamers (Figure 4a) in the case of rac-lDPP. This then means 
that the partial-overlap rotamer TITl (see above) acts as an 
excimer precursor, from which an excimer can be formed within 
the time resolution of the nanosecond SPC experiments (<400 
P S ) , ~ ~  resulting in a value R = 0.46. Support for this conclusion 
comes from the observation that the excimer-to-monomer 
fluorescence intensity ratio I ' / I  of rac-lDPP, as well as that of 
meso-1 DPP, is a function of excitation ~ a v e l e n g t h . ~ ~  This 
wavelength dependence reflects the absorption spectrum of the 
ground-state dimer, similar to what has been observed with 1,3- 
bis(2-pyrenylcarboxy)propane, 2PC(3)2PC.' 

Conclusion: Meso and Racemic Dipyrenylpentanes. For 
meso-IDPP a ground-state dimer (TT) is detected in toluene at  
24 OC, by an analysis of vicinal coupling constants together with 
chemical shifts. This conclusion, similar to what has been found 
for m e s ~ - 2 D P P , ~ ~  is supported by the results of SPC experiments. 
The pattern of the chemical shift differences A6 of meso-lDPP 
is more complex than that of meso-ZDPP, due to the presence 
of rotamers in  the former molecule. With the conformer TT of 
rac- 1 DPP, an interaction between the pyrenyl groups in the ground 
state only occurs in the rotamer T I T l ,  in which the pyrenyls 
partially overlap a t  H9 and H10. Such a configuration is not 
possible for rac-2DPP (Figure 4b). It is of interest that, besides 
the sandwich dimers found in the case of meso-lDPP, meso- 
2DPP3b and the bis(pyreny1carboxy)alkanes PC(n)PC,' also this 
partial-overlap conformer TITl opens up a rapidz4 way to excimer 
formation, faster than the processes involving bond rotations in 
the alkane chain. 

NMR Spectra of 2Py(3)2Py and JPy(3)JPy. In the 'H  N M R  
spectrum of 2Py(3)2Py (Figure 6a) an AB s ectrum is en- 
countered around 8 ppm, as in  the case of pyrk:25,z6 which can 
be assigned to the aromatic protons H6/H8 (=B2) and H7 (=A) 
by computer simulation (Table 111). The other lines form an AB 
subspectrum (H4/H5) and a singlet (HI). The aliphatic protons, 

(24) (a) Duveneck, G. Ph.D. Thesis, Gottingen University, 1986. (b) 
Duveneck, G.; Mosquera, M.; Zachariasse, K. A. Unpublished results. 

( 2 5 )  (a) Jonathan, N.; Gordon, S.;  Dailey, B. P. J .  Chem. Phys. 1962,36, 
2443. 

(26) (a) Hansen, P. E. Org. Magn. Reson. 1979, 12, 109. (b) Rodenburg, 
L.; de Block, R.; Erkelens, C.; Lugtenburg, J.; Cornelisse, J. Recl. Trau. Chim. 
Pays-Bas 1988, 107, 529. (c) Hansen, P. E.; Berg, A. Acta Chem. Scand. 
1971, 25, 3377. 

*Cannot be determined due to line congestion. cMethyl group. 
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Figure 5. Excimer fluorescence response functions (at 520 nm) of (a) 
meso-2,4-di( 1-pyreny1)pentane (meso-1 DPP) and (b) rac-2,4-di( I-pyre- 
ny1)pentane (rac-lDPP) in toluene at 25 OC. The values for the decay 
times 7i and their preexponential factors At. are given; see eq 1. The ratio 
R = -A( - ) /A(+) ,  see text, equals 0.82 for meso-lDPP and 0.46 for 
rac- 1 DPP. 

a -CH2 (3.200 ppm, triplet) and P-CH2 (2.446 ppm, quintet), of 
the (A2)2X2 type'Ia do not show any sign of frozen-in chain 
conformers. The same conclusion applies to the alkane chains 
in the other compounds treated in this paper. 

The 'H N M R  spectrum of lPy(3)lPy is depicted in Figure 6b. 
Next to the resonances of the a -CH2 (3.530 ppm) and the /3-CH2 
(2.470 ppm) groups (see Table IV), three AB subspectra and one 
ABX subspectrum are present around 8 ppm. Similar to what 
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Figure 6. 'H N M R  spectra of (a) 1,3-di(2-pyrenyl)propane (2Py(3)2Py) and (b) 1,3-di(l-pyrenyl)propane ( IPy(3)lPy)  in chloroform-d a t  24 OC. 
The subspectrum of the aromatic protons is presented as an insert on an extended scale. 
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Figure 7. Chemical shifts 8 (in ppm) of the aromatic protons of a series of l,n-di(2-pyrenyl)alkanes (2Py(n)2Py with n = 1-10 and 14) in chloroform-d 
at  24 OC, as a function of the number of methylene groups (n) in the alkane chain. The data for 2-ethylpyrene (2EtPy) are also given. See Table 
I l l  

was found for lOcPy,' the protons neighboring the substitution 
position have undergone the largest shifts as compared to pyrene: 
H I O  is the doublet at 8.2 ppm, whereas H2 is shifted upfield 
(doublet around 7.9 ppm). The assignment of these H atoms is 
based on the value of their vicinal coupling constants (Table IV), 
which are larger for H9 /H10  than for H2/H3.'xZ6 Using these 
values, the coupling partners H9 and H3 can also be found. The 
remaining subspectrum AB consists of two line pairs for H4  and 
H5.7x27 The resonances in  the ABX spectrum come from H6/  
H7/H8.  They are assigned by computer simulation, resulting in 
the same value for 3567 as found with 2Py(3)2Py (Table 111). 

Dipyrenylalkanes: 2Py(n)ZPy and lPy(n)lPy. The chemical 
shifts and vicinal coupling constants derived from the IH NMR 
spectra of the dipyrenylalkanes 2Py(n)2Py and lPy(n)lPy are 
listed in Tables 111 and IV. The chemical shift differences A6 
for the aromatic protons of  these compounds with respect to the 
model substances 2Py( 1 4)2Py2* and lOcPy, respectively, generally 
are considerably smaller than those obtained for the l,n-bis(2- 
pyreny1carboxy)- and 1 ,n-bis( 1-pyrenylcarboxy)alkanes, 2PC- 
(n)2PC and IPC(n)lPC.' 

(27) For the specific assignment of H4 and H5, see the preceding paper 
(ref 7). 

(28) In analogy with the findings for the 1-alkylpyrenes (Table IV), where 
it is seen that the chemical shifts of the aromatic protons have not yet reached 
their limiting values for I-ethylpyrene (IEtPy), is is concluded that 2-ethyl- 
pyrene (2EtPy) likewise will not be the optimal model compound for the series 
2Py(n)2Py. Therefore, in the absence of other 2-alkylpyrenes. 2Py(14)2Py 
is adopted; see Figure 7. 

Figure 8. Differences in chemical shift A6 (in ppm), with respect to the 
model substance 1,14-di(2-pyrenyl)tetradecane (2Py( 14)2Py; see text), 
for (a) di(2-pyreny1)methane (2Py( 1)2Py), (b) 1,3-di(2-pyrenyl)propane 
(2Py(3)2Py) and 1,4-di(2-pyrenyl)butane (2Py(4)2Py), and (c) 1,8-di- 
(2-pyreny1)octane (2Py(8)2Py), in chloroform-d a t  24 O C .  The aromatic 
protons H3-H7 are indicated as circles, in a side-on view of the pyrene 
moiety. 

Figure 9. Schematic representations of two configurations of 1,2-di(2- 
pyreny1)methane (2Py(1)2Py); see text. The aromatic protons H3-H6 
are indicated with solid circles. 

l,n-Di(Z-pyrenyl)alkanes. The chemical shifts of the 1 ,n-di- 
(2-pyrenyl)alkanes, 2Py(n)2Py, with n = 1-10 and 14, and of 
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TABLE IV: Chemical Shifts 6 (in ppm) and Vicinal Coupling Constants J (in Hz) of 1,n-Di(1-pyreny1)alkanes (lPy(n)lPy), the Model Compound 
1-Octylpyrene (IOcPy), 1-Ethylpyrene (lEtPy), and Pyrene in Chloroform-d at 24 OC; Data for lPy(3)lPy and lOcPy in Toluene-d8 and in Octane-d18 

lPy(n)Py, n = 
6(H2) 6(H3) 6(H4) 6(H5) 6(H6) 6(H7) 6(H8) 6(H9) 6(H10) 3J23 'J45 jJ,57 = 'J78 'J9,lo G(a-CH2) 6(8-CH2) ~ ( Y - C H ~ )  

0 8.156 8.363 8.220 8.182 8.255 8.037 8.255 7.665 7.885 7.77 9.0 7.63 9.22 
1 7.657 8.050 8.056 8.047 8.205 8.018 8.189 8.102 8.371 7.86 9.1 7.65 9.27 5.476 
2 7.877 8.059 8.031 8.031 8.14 7.987 8.14 8.128 8.398 7.84 a 7.65 9.27 3.877 
3 7.907 8.114 8.031 8.013 8.14 7.988 8.13 8.023 8.192 7.81 9.07 7.65 9.30 3.530 2.470 
4 7.862 8.089 8.019 8.019 8.14 7.989 8.14 8.076 8.277 7.79 a 7.63 9.27 3.427 2.071 
5 7.836 8.073 8.020 8.020 8.15 7.986 8.15 8.072 8.264 7.78 a 7.64 9.28 3.364 1.958 1.67 
6 7.841 8.083 8.018 8.004 8.15 7.978 8.14 8.050 8.250 7.78 8.97 7.65 9.30 3.336 1.883 1.56 
7 7.850 8.090 8.016 8.000 8.15 7.981 8.15 8.073 8.265 7.77 9.04 7.66 9.27 3.326 1.865 1.55 
8 7.853 8.094 8.023 8.004 8.144 7.976 8.144 8.077 8.269 7.78 9.03 7.6 9.28 3.322 1.849 b 
9 7.854 8.094 8.021 8.001 8.141 7.971 8.141 8.079 8.271 7.78 9.05 7.6 9129 3.320 1.844 b 
IO 7.857 8.095 8.019 8.000 8.143 7.972 8.143 8.084 8.273 7.80 9.0 7.68 9.30 3.321 1.85 b 
13 7.859 8.097 8.021 8.000 8.145 7.970 8.143 8.087 8.275 7.80 9.0 7.69 9.29 3.324 1.85 b 

IOcPy 7.860 8.098 8.023 7.996 8.150 7.971 8.140 8.090 8.276 7.79 9.01 7.65 9.30 3.336 1.853 1.49 
IEtPy 7.896 8.126 8.034 8.011 8.163 7.985 8.156 8.110 8.301 7.82 9.02 7.63 9.28 3.372 (1,527)' 
pyrene 8.005 8.182 8.075 8.075 8.182 8.005 8.182 8.075 8.075 7.62 8.97d 7.62 8.97d 

1 PY(3) 1 PY 

1 OcPy 

toluene 7.681 7.904 7.813 7.776 7.894 7.739 7.887 7.799 8.055 7.80 8.97 7.65 9.26 3.290 2.292 
octane 7.822 8.000 7.911 7.897 8.026 7.849 8.000 7.896 8.119 7.81 8.96 7.63 9.29 3.499 2.488 

toluene 7.699 7.903 7.809 7.772 7.910 7.751 7.903 7.887 8.171 7.76 8.98 7.64 9.28 3.182 1.786 1.40 
octane 7.768 7.978 7.901 7.884 8.025 7.848 8.021 7.978 8.212 7.80 8.98 7.65 9.29 3.318 1.882 1.51 

"annot be determined due to chemical equivalence. bCannot be determined due to line congestion. 'Methyl group. dFrom 13C-H satellite spectrum 
( I  ,3,6,8-tetradeuteriopyrene in carbon disulfide); see ref 26c. The coupling cannot be determined directly due to chemical equivalence. 

2-ethylpyrene, 2EtPy, are depicted in Figure 7. The absolute 
values of A6 = 6(2Py(n)2Py) - 6(2Py(14)2Py) do not exceed 0.04 
ppm, except for the deshielding of H I  with n = 1 and 2 (Table 
I l l ) ,  and decrease with chain length. 

Di(2-pyreny1)methane. The A6 pattern observed for 2Py( 1)2Py 
(Figure 8a), showing a minimum for H4, can be explained by two 
counteracting effects. First, a mutual deshielding is exerted by 
the two pyrenyl groups in a V-shaped conformer (Figure 9a), 
affecting all protons down to H7. Such a downfield shift also 
operates in 2-phenylpyrene.' Superimposed on this effect, an 
upfield shift occurs in a second conformer (Figure 9b), in which 
the planes of the pyrenyls are perpendicular to each other. This 
brings the protons H3-H6 into the shielding cones of the pyre- 
nyls," the maximum effect being expected for H4. A similar 
conformer structure has previously been deduced for diphenyl- 
~ n e t h a n e . ~ , ~ ~  I t  cannot be excluded, however, that through-bond 
effects, acting in this case through the single methylene group, 
will have some influence on H3. 

2Py(n)2Py with n = 2-10 and 14. For the compounds with 
longer chains, the downfield shift of H I  rapidly diminishes with 
chain length, having practically disappeared for n = 4 (Table I11 
and Figure 7). The shielding observed especially for H 4  with n 
= 4-7, see Figure 7b. is attributed to a conformer with the two 
pyrenyls in  a mutually perpendicular orientation, similar to the 
one already described with 2Py( 1)2Py. 

1 ,n-Di( 1 -pyrenyl)alkanes. The data for the chemical shifts of 
the aromatic protons of the 1,n-di( I-pyrenyl)alkanes, IPy(n) IPy, 
with n = 0-10 and 13, can be divided into three sets, on the basis 
of their chain-length dependence: (a) H 2  and H3, (b) H4-H8, 
and (c) H9 and H I 0  (Table IV). The chemical shifts of H3, H8, 
and H 10, as representatives of each group, are depicted in Figure 
I O .  The molecules with the shortest chains, n = 0 and 1, will 
be discussed first. 

1 , I  '-Bipyrene. The chemical shift differences of 1 ,I/-bipyrene, 
A6 = 6(1Py(O)lPy) - G(lOcPy), are shown in Figure 1 la .  A 
pronounced shielding is observed for H9 and H10, whereas positive 
Ab values are found for H2-H8. The downfield shift for the 
protons H2-H8 is a consequence of a ring-current effect and, 
possibly, a through-bond interaction of one pyrene moiety on the 
other. Both influences diminish with increasing distance from 
the substituent group, as in I-phenylpyrene and the hexyl ester 
of 1-pyrenecarboxylic acid, 1PC(6).7 The strong upfield shift for 

(29) (a) Montaudo, G.; Finocchiaro, P. J .  Mol.  Srrucf. 1972, 14, 53. (b) 
Buchanan. G. W.; Montaudo, G.; Finocchiaro, P. Can. J .  Chem. 1974, 52, 
3196. 
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Figure 10. Chemical shifts 6 (in ppm) of the aromatic protons of a series 
of 1,n-di(1-pyreny1)alkanes (lPy(n)lPy with n = 0-10 and 13) in chlo- 
roform-d at  24 OC, as a function of the number of methylene groups (n) 
in the alkane chain. The data for the model compound 1-octylpyrene 
(1OcPy) are  also given. See Table IV. 

H9 and H10, on the other hand, is attributed to a configuration 
of IPy(0)lPy (see Figure 1 la)  in which these protons are located 
in the shielding zone of the other pyrenyl group, similar to what 
was observed with rac-IDPP (TITI  in Figure 4a). 

Di(1-pyreny1)methane. The Ab values of lPy(1)lPy exhibit 
a pattern that is completely different from that of IPy(0)lPy; see 
Figure 11 b. For H2 and H 3  a shielding is observed, whereas the 
other protons have positive A6 values, approaching zero for H9. 
The negative A6 values of H 2  and H 3  are explained by a ring- 
current effect in a configuration of IPy(1)lPy with mutually 
perpendicular pyrenyl groups (Figure 1 Ib), in which H I 0  is de- 
shielded. The downfield shift found for H4-H8 is ascribed to the 
combined action of a ring-current effect and a through-bond 
interaction, as in lPy(0)lPy. 
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Figure 11. Differences in  chemical shift A6 (in ppm), with respect to the model substance 1-octylpyrene (lOcPy), for (a) 1,l'-bipyrene (lPy(O)lPy), 
(b) di( I-pyreny1)methane (1Py( 1)1Py), and (c) 1,3-di( 1-pyreny1)propane (1Py(3)1Py), in chloroform-d at 24 OC. The aromatic protons H2-H7 are 
indicated as circles, in a side-on view of the pyrene moiety. I n  each case, molecular configurations (molecular mechanics, MMP2; see text and ref 
18) are depicted. For the dihedral angle between the pyrenyl moieties in lPy(0)lPy (a), a value of 6 5 O  is determined. 

IPy(n)lPy with n = 2-10 and 13. Except for n = 3 and 6, for 
which an important shielding is observed for the protons H9 and 
H I 0  (Table IV and Figures 10 and 1 IC), only relatively small 
absolute values for 46 (shieldings as well as deshieldings) are found 
inside this family. The upfield shift for H9 and H10 of lPy(3)lPy 
and lPy(6)IPy is attributed to a conformer in which the two 
pyrenyl groups mainly overlap in the region of these protons 
(Figure 1 IC). Such a partial overlap was also encountered with 
1 Py(0) 1 Py and rac-1 DPP ( T I T , ) ,  as discussed above. 

No Ground-State Dimers with Dipyrenylalkanes. From the 
data presented in the two previous sections it follows that for the 
two series dipyrenylalkanes, 2Py(n)2Py with n = 1-10 and 14 and 
1 Py(n)lPy with n = 0-10 and 13, shieldings affecting all aromatic 
protons are not observed. I t  is therefore concluded that there is 
no evidence based on NMR data for the presence of ground-state 
dimers in any of these dipyrenylalkanes in chloroform-d a t  24 
O C .  This is in contrast to what has been found for the bis(py- 
reny1carboxy)alkanes ( lPC(n) lPC and 2PC(n)2PC).' However, 
conformers overlapping a t  H9 and H 10 were detected for 1 Py- 
(0) 1 Py, 1 Py(3) 1 Py, and 1 Py(6) 1Py. Note that these partial- 
overlap conformers are only present in small concentration, as 
deduced from their A6 values as compared to those of rac- 1 DPP; 
see above. 

The differences in chemical shift A6 of the dipyrenylalkanes 
2Py(n)ZPy and 1 Py(n)lPy with respect to the model compounds 
2Py( 14)2Py and IOcPy are attributed to two causes: on the one 
hand, to ring-current effects resulting in shielding or deshielding 
of the aromatic protons, depending on the relative orientation of 
the pyrenyl end groups; further, for the dipyrenylalkanes with the 
shortest chains ( n  = 0-2), through-bond interactions take place. 
In addition, the fact that in these short-chained compounds one 
pyrenyl group partly replaces the solvent surrounding the other 
end group can influence the chemical shifts by changing the 
effective solvent composition. 

Soluent Dependence I Py(3)I Py. For 1 Py(3) 1 Py, the A6 values 
of, e.g., H9 and H10 are approximately the same in chloroform-d, 
toluene-ds, and octane-d,, (Table IV), although these solvents have 

different Hildebrand solubility parameters 6(s0l).~O These results 
are contrary to those obtained with lPC(S) lPC,  for which the 
A6 values in octane-d,s are considerably larger than in the other 
two  solvent^.^ This has been interpreted as meaning that in 
octane-d,,, the only solvent of the three with a 6(sol) parameter 
not matching that of aromatic systems, dimerization of 1PC- 
( 5 ) l P C  is relatively enhanced. The difference in the solvent 
dependence of A6 for 1 PC(5) 1 PC and 1 Py(3) 1 Py is therefore in 
agreement with the conclusion that sandwich dimers are formed 
with the PC(n)PC but are absent with the dipyrenylalkanes. 

SPC Measurements 2Py(n)2Py and lPy (n ) lPy .  The excimer 
fluorescence decays of 2Py(3)2Py, 2Py( 14)2Py, 1 Py( 3) 1 Py, and 
lPy( l3) lPy  in toluene a t  25 OC are  shown in Figure 12. With 
1 Py( 3) 1 Py, under the experimental conditions (time resolution23 
and excitation wavelength) employed here, the excimer amplitude 
ratio R = -A(-) /A(+) has a value of 0.99, whereas with the three 
other compounds R is equal to unity. Using picosecond laser 
excitation a t  330 nm similar values for R are obtained.31 The 
observation that R = 0.99 for 1 Py( 3) 1 Py could reflect the presence 
of a small amount of the partial-overlap conformer discussed 
above. The SPC data for the other dipyrenylalkanes show that 
ground-state dimers acting as excimer pzcursors are not present, 
supporting the conclusions deduced from the NMR spectra 
presented in this paper. 

Occurrence and Absence of Dimerization. The tendency of 
aromatic molecules to form ground-state dimers is governed by 
their polarizabilities, which are  involved in the attracting inter- 
molecular dispersion (London) forces.32 This dependence on the 

(30) (a) Hildebrand, J. H. The Solubility of Non-electrolytes, 3rd ed.; 
Reinhold, New York, 1975. (b) Burrell, H. In Polymer Handbook; Brandup, 
J.,  Immergut, E. H., Eds.; Wiley: New York, 1975; Vol IV, p 337. (c) Barton, 
A. E. M. CRC Handbook of Solubility Parameters and Other Cohesion 
Parameters; CRC Press: Boca, Raton, EL, 1983. 

(31) Leinhos, U.; Piehl, Th.; Zachariasse, K. A. Unpublished results. 
(32) (a) Mahanty, J.  Dispersion Forces; Academic: New York, 1976. (b) 

Kauzmann, W. Quantum Chemistry; Academic: New York, 1957. (c) 
Malar, E. J .  P.; Chandra, A. K .  Theor. Chim. Acta 1980, 55, 1 5 3 .  (d) de 
Boer, J .  H.  Trans. Faraday SOC. 1936, 32, 10. 
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Figure 12. Excimer fluorescence response functions (at 520 nm) of (a) 1,3-di(l-pyrenyl)propane (IPy(3)1Py), (b) 1,13-di(l-pyrenyl)tridecane 
(1 Py( 13) 1 Py), (c) 1,3-di(2-pyrenyl)propane (2Py(3)2Py), and (d) 1,14-di(2-pyrenyl)tetradecane (2Py(14)2Py) in toluene a t  25 "C. The values for 
the decay times T i  and their preexponential factors Azi are  given; see eq 1. The excimer amplitude ratio R = -A(-)/A(+), see text, is equal to (a) 
0.99, and (b-d) 1 .OO. 

molecular polarizability explains that ground-state dimers are 
detected for m e s 0 - 2 D P P , ~ ~  whereas such dimers have not been 
reported for the meso diastereomers of the 2,4-diarylpentanes with 
2-naphthyl and phenyl  substituent^,^^ which have smaller polar- 
izabilities than pyreny1.34q35 That dimer formation does occur 
for the PC(n)PC molecules7 but not for the dipyrenylalkanes, 
although the polarizabilities of both end groups will be of com- 
parable magnitude,37 is attributed to the absence of repulsive H 

(33) {a) De Schryver, F. C.; Moens, L.; Van der Auweraer, M.; Boens, N.; 
Monnerie, L.; Bokobza, L. Macromolecules 1982, 15, 64. (b) Ito, S.; Yam- 
amoto, M.; Nishijima, Y. Bull. Chem. SOC. Jpn. 1981, 54, 35. 

(34) (a) Le Ftvre, R. J. W.; Radom, L. J .  Chem. SOC. B 1967, 1295. (b) 
Ruessink, B. H.; MacLean, C. Mol. Phys. 1987, 60, 1059. (c) Bredikhin, A. 
A,; Kirillovich, V. A,; Vereshchagin, A. N. Izu. Akad.  Nauk SSSR, Ser. 
Khim. 1988, 795. 

(35) The values for the mean molecular polarizabilities (in cm3; see 
ref 34) are 9.9 (benzene), 16.6 (naphthalene), and 28.2 (pyrene). The ap- 
proximate expression derived (ref 32) for the dispersion interaction energy 
between two identical molecules is E = -3a21/4R6, where a is the mean 
molecular polarizability, I is the ionization potential, and R is the intermo- 
lecular distance. With the ionization potentials (ref 36) of 9.24 eV (benzene), 
8.15 eV (naphthalene), and 7.43 eV (pyrene), it follows that the relative 
interaction energies are 1 .O (benzene), 2.5 (naphthalene), and 6.5 (pyrene). 

(36) (a) Levin, R. D.; Lias, S.  G. Natl. Stand. R e j  Data Ser. (US., Natl. 
Bur. Stand.) 1982, No. 71.  (b) Simonsick, Jr., W. J.; Hites, R.  A. Anal. 
Chem. 1986, 58, 21 14. 

atoms near the pyrene moieties in the bis(pyreny1carboxy)aIkanes. 
Vicinal Coupling Constants. The vicinal coupling constants 

3J23 in the series lPy(n)lPy with n = 0-10 and 13 (Table IV) 
are independent of chain length, except for the compounds with 
n = 1 and 2, for which a value different from that of lOcPy is 
observed. For the other coupling constants, 3J45, 3J67, and 'J9,,0, 
a chain-length dependence is not observed, except for 3J9,,0 of 
lPy(0)lPy (Table IV). In the series 2Py(n)2Py with n = 1-10 
and 14, the coupling constants 3J45 and 3J67 likewise are inde- 
pendent of chain length. This means that the pyrenyl groups in 
the dipyrenylalkanes only exert a through-bond interaction on each 
other for n 3, not extending further than the bond between the 
atoms C2 and C3 of pyrene. 

Conclusion 
For ruc- and meso- 1 DPP in toluene-d8 the conformer population 

is determined from the vicinal coupling constants, using ring- 
current effects on the chemical shifts as secondary evidence. These 
conformer populations are found to be similar to those previously 

(37) It is to be expected that the mean molecular polarizability of a py- 
renylcarboxy group will be apfroximately the same as that of pyrene, in view 
of the literature values (in 10- cm3) for the methyl ester of benzoic acid (9.8; 
ref 34c) and benzene (9.9; ref 34a). 
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obtained for rac- and meso-2DPP. In meso-IDPP and meso-2DPP 
the excimer-like ground-state dimer (TT) leads to a value smaller 
than unity for the excimer amplitude ratio R = -A(-)/A(+) in 
time-resolved fluorescence measurements. With both racemic, 
2,4-dipyrenylpentanes. sandwich dimers are not observed. How- 
ever, i n  rac-l DPP, contrary to rac-’DPP, a conformer partially 
overlapping at the protons H 9  and H I 0  is present. This par- 
tial-overlap dimer undergoes rapid excimer formation, leading 
again to a value smaller than unity for the ratio R. 

From an analysis of the NMR spectra. completely overlapping 
ground-state dimers are not detected in the two series of di- 
pyrenylalkanes, 2Py(n)2Py and lPy(n)lPy.  This is in contrast 
to what has been observed with the bis(pyreny1carboxy)alkanes 
2PC(n)7PC and IPC(n) lPC as well as with the meso-2,4-di- 

pyrenylpentanes. Instead, a conformer is detected in which the 
pyrenyls only overlap a t  the edges, as in rac-IDPP. This is the 
case with lPy(O)lPy, 1Py(3)1Py, and 1Py(6)1Py, in which the 
partial overlap occurs at H9 and H10. In time-resolved 
fluorescence measurements with 2Py(3)2Py, 2Py( 14)2Py, 1 Py- 
(3) l  Py, and 1Py( 13)1Py, it is seen that the excimer amplitudes 
practically sum to zero, confirming the conclusions based on the 
WMR experiments. 
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Correlation-Consistent Valence Bond Method with Purely Local Orbitals. Application to 
H,, Li,, FH, F,, and Collinear H, and Li, 
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We propose a general method for constructing ab initio valence bond wave functions. The emphasis is put on building compact 
wave functions designed to be as close as possible to the concept of chemical bonding schemes. This is achieved through 
the use of strictly local fragment orbitals, leading to nonorthogonal configuration interaction. A set of rules is proposed 
for selecting the configuration list such that correlation consistency is enforced over the potential surface. The compactness 
of the wave function is ensured by correlating only the electrons occupying active orbitals, defined as the orbitals directly 
involved in bond breaking or bond making. The method is applied to the dissociation of H2, Li2. FH, and F,, and to the 
collinear exchange reactions X + X2 - X 2  + X (X = H, Li). The dimensions of the corresponding valence bond CIS are 
respectively 6 ,  12, 31, and 24 symmetry-adapted configurations for the dimers, and 26 and 60 for the trimers. All calculated 
equilibrium bond lengths, dissociation energies, and reaction barriers are found to agree, within 0.02 %, and 3 kcal/mol, with 
best reference calculations in the same basis set. The method appears to be well suited for the calculation of diabatic curve 
crossing diagrams as introduced by Shaik and Pross. 

The valence bond (VB) theory of electronic structure has re- 
cently regained acceptance in the world of chemistry,]-j from both 
the qualitative and quantitative points of view. On the qualitative 
side, the discussion of molecular structure and reactivity in terms 
of atomic properties has been developed by Goddard et aL4 More 
recently, the study of chemical reactions by VB diagrams has been 
introduced by Shaik and Press.* Such diagrams have already been 
widely used and proved to be helpful for understanding and 
predicting the size of the reaction barriers in reactions like S N 2  
substitution3 or radical exchange,s and have also been used to 
understand electron delocalization in K  system^.^^^ This model 

( 1 )  For leading references, see: (a) McWeeny, R. Theor. Chem. Acta 
1988, 73, 1 1 5 .  (b) Gallup, G. A,; Vance, R. L.; Collins, J. R.; Norbeck, J. 
M. Adu. Quantum Chem. 1982, 16,229. (c) Raimondi, M.; Simonetta, M.; 
Tantardini, G. F .  Compur. Phys. Rep. 1985, 2, 171. (d) Cooper, D. L.; 
Gerratt, J.; Raimondi, M. Ado. Chem. Phys. 1987, 69, 319. Harcourt, R. D. 
Lect. Notes Chem. 1982, 30. 

(2) (a) Shaik, S. S. J .  A m .  Chem. SOC. 1981, 103, 3692. (b) Shaik, S. S. 
In New Concepts for Understanding Organic Reacrions; NATO AS1 Series, 
Vol. 267; Bertran, J.,  Csizmadia, 1. G., Eds.; Kluwer: Dordrecht, 1989. (c) 
Pross, A.; Shaik, S. S. Arc. Chem. Res. 1983, 16, 361. 

(3) Shaik, S. S. f r o g .  Phys. Org. Chem. 1985, 15, 197. 
(4) (a) Gcddard, W.  A., 111; Dunning, T. H., Jr.; Hunt, W. J.; Hay, P. J. 

Acc. Chem. Res. 1973.6, 368. (b) Gddard,  W. A,, 111; Harding, L. B. Annu. 
Rec;. Phys. Chem. 1978, 29, 363. 

(5) (a) Shaik, S. S.; Hiberty, P. C.; Lefour, J.-M.; Ohanessian, G. J .  Am.  
Chem. Soc. 1987. 109, 363. (b) Shaik, S. S.; Hiberty, P. C.; Ohanessian, G.; 
Lefour, J.-M. J .  Phys. Chem. 1988,88, 5086. (c) Shaik, S. S.; Bar, R. Noun 
J .  Chim. 1984, 8, 41 1. 

(6) (a) Hiberty, P. C.; Shaik, S. S.; Lefour, J.-M.; Ohanessian, G. J .  Org. 
Chem. 1985, 50. 4657. (b) Hiberty, P. C.; Shaik, S. S.; Ohanessian, G.; 
Lefour, J.-M. J .  Org. Chem. 1986, 51, 3908. (c) Shaik, S. S.; Hiberty, P. C.; 
Ohanessian, G.; Lefour, J.-M. J .  Phys. Chem. 1988, 92, 5086. (d) Ohanessian. 
G.; Hiberty, P. C.; Lefour, J.-M.; Flament, J.-P.; Shaik, S. S. Inorg. Chem. 
1988, 27, 2219 

considers the energy barrier of a reaction as a consequence of the 
avoided crossing of two VB diabatic curves: one representing the 
bonding scheme of the reactants, the other that of the products 
(see the following paper for more details). Shaik and  pros^**^ have 
shown that it is possible to relate the energetic behavior of these 
VB structures to simple thermodynamic quantities, and, by means 
of simple approximations, to order the size of the energy barrier 
in some families of reactions. These applications of the VB 
diagrams are still qualitative in nature, and to our knowledge no 
quantitative calculations have yet been performed to confirm or 
falsify their validity. I t  is thus essential to develop a reliable 
computational method of the VB type, which on the one hand 
provides energies of adiabatic states with good accuracy and on 
the other hand allows one to follow the energetic behavior of the 
various VB structures involved in the qualitative theory of curve 
crossing VB diagrams. 

On the quantitative side, a b  initio VB methods have become 
practical for generating potential energy surfaces and are referred 
to as generalized valence bond (GVB),’ resonating GVB (R- 
GVB),8 spin-coupled valence bond (SCVB)9 and so on. They 
provide wave functions having nearly the quality of multico- 
nfigurational S C F  (e.g., CASSCF’O), with the extra advantage 
of compactness. As with CASSCF, quantitative accuracy further 
requires extensive configuration interaction (CI). Such calcula- 

(7) Bobrowicz, F. B.; Goddard, W. A,, 111. In Methods of Electronic 
Structure Theory; Schaefer, Ed.; Plenum: New York, 1977; pp 79-127. 

(8) Voter, A. F.; Goddard, W. A,, 111 J .  Chem. Phys. 1981, 57, 253. 
(9) Cooper, D. L.; Gerratt, J.; Raimondi, M. Adu. Chem. Phys. 1987,59, 

(IO) Roos, B. 0.; Taylor, P. R.; Siegbahn, P. E .  M. Chem. Phys. 1980, 48. 
319. 
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