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Abstract: The single-crystal X-ray analysis of the photodimer of 9,10-dimethylanthracene and tetracene is described. The 
dimer crystallizes in the monoclinic space group P2\/c with four molecules per unit cell of dimensions a = 21.323 (8) A, b = 
12.642(4) A. c = 8.587 (3) A, and fi = 93.25 (2)°. The conventional R factor for the 2573 reflections of the terminal data set 
for which l/a(l) > 3.0 is 0.034. The bonds which are formed by the photodimerization [C(6)-C(26), 1.627 (2); C( 13)-C(37), 
1.629 (2) A] are equal within experimental error. The molecular fluorescence is quenched by a thermally activated process, 
identified as a transfer of electronic excitation energy from the naphthalene chromophore into the pair of benzene chromo-
phores in the other part of the molecule, followed by immediate photodissociation. The product molecules appear in their elec
tronically excited (exciplex) state. Rephotodimerization of the dissociated molecules in the photodimer host crystal requires 
thermal activation. The polarization properties of the absorption and emission spectra of these dissociated molecules have been 
determined. 

Bouas-Laurent and Castellan2 reported the preparation 
of the mixed photodimer of 9,10-dimethylanthracene (DMA) 
and tetracene (T). This photodimer (DMA-T) raises the 
prospect of some very interesting spectroscopic and photo
chemical properties, by virtue of the naphthalene chromophore. 
In addition, photodissociation leads to the regeneration of the 
component molecules which can then be held in a sandwich 
arrangement by choice of the proper experimental conditions. 
One very important environment is that provided by the crystal 
of the photodimer and knowledge of its structure is an impor
tant ingredient in a spectral analysis. 

The present paper reports a combined photochemical, 
photophysical, and crystallographic study of DMA-T. The 
spectroscopic properties of the photodissociated molecule 
(DMA + T) held in a sandwich arrangement are also in
cluded. 

Experimental Section 
The photodimer (DMA-T) was prepared according to the method 

of Bouas-Laurent and Castellan2 by M. Puza. Crystals were grown 
from a dichloromethane-acetone mixed solvent. 

Most of the spectroscopic methods have been described previous
ly.3-4 However, some consideration of the method used to detect and 
study the properties of excited state product emission is necessary. The 
basic technique has been described in outline.4 

A Spex 1402 double monochromator was used to provide pure 
narrow band radiation and a double beam attachment was mounted 
at the exit slit. Two photomultipliers were used. One, in the double 
beam unit, detects the reference and sample signals and provides an 
optical density signal. The second is mounted on the sample com
partment and views the luminescence at 90° to the incident beam. 
Cutoff filters and Polaroid sheet analyzers can be placed between the 
sample and this second photomultiplier to record excitation spectra, 
polarized if necessary. A feedback device, coupled to the first photo-
multiplier, adjusts the voltage of the second photomultiplier to 
maintain conditions corresponding to constant incident light inten
sity. 

A solution of the pure photodimer, in a glass-forming solvent, was 
placed in a cold nitrogen or cold helium gas flow tube4 passing verti
cally through the sample compartment and excitation spectra were 
measured at various temperatures, simultaneously with the absorption 
spectra. The very high sensitivity of the second photomultiplier (a 
cooled RCA C31034A) allows extremely small photon fluxes of ex
citing light to be used so that photodissociation of the photodimer is 
kept to a very low level. The eventual buildup of dissociated products 
can be detected easily by the appearance of their absorption bands in 
the excitation spectrum. Fluorescence excitation measurements are 
also made using vertically polarized exciting light and appropriate 

Polaroid analyzers to determine polarization ratios of the emitted 
fluorescence in rigid solvents. 

In the present case the exciplex nature of the excited product 
emission was confirmed by replacing the second photomultiplier by 
a Spex 1704 monochromator, so that the spectral distribution could 
be determined under conditions of monochromatic excitation at a 
wavelength absorbed by the photodimer. Excitation spectra, with the 
wavelength of detection set at the exciplex intensity maximum, gave 
identical excitation spectra with those measured with the previous 
arrangement. 

Time resolution (millisecond range) of the luminescence emission 
can be carried out using the rotating mirrors of the double beam unit 
as an effective phosphorescope. If triplet emission is present it can be 
detected using a boxcar averager. 

X-ray Intensity Data Collection and Reduction. A suitable crystal 
was aligned in a random orientation on a Picker FACS-I fully auto
matic four-circle diffractometer. Crystal data and data collection 
details are in Table I. Reflection intensities were reduced to values 
of |f0|, and each reflection was assigned an individual estimated 
standard deviation. (The formulas used for data reduction and cal
culation of statistics are given in the section relating to computer 
programs, below). For this data set, the instrumental "uncertainty" 
factor5 (p) was set at (0.002) 1Z2. Reflection data were corrected for 
absorption effects,6 equivalent reflection forms were averaged, and 
those reflections for which I/a(l) < 3.0 were discarded as being un
observed. The statistical R factor (/?s) for the 2573 reflections of the 
terminal data set was 0.021. 

Solution and Refinement of the Structure. The structure was solved 
by direct methods using the MULTAN7 system of programs. Eight sets 
of signs for the 260 reflections with | £ | > 1.9 were determined. The 
E map generated by the chosen starting set showed the positions of 
the 34 carbon atoms of the molecule. The structure was refined, ini
tially by block-diagonal and, for the final cycles, by full-matrix 
least-squares methods to final unweighted and weighted R factors of 
0.034 (R) and 0.037 (/?„.), respectively. During least-squares re
finement, the function minimized was 2u<(|f*(J| - I f J ) 2 and indi
vidual weights of the form w = [<r(F0)]~2 were used throughout; R 
= 2IlF0I - \FC\\/Z\F0\-Rw = \Zw[\F0\ - |F c | ] 2 / i> | f 0 | 2 ) ' / 2 ; the 
anisotropic temperature factor was of the form exp[—(tfi \h2 + feA:2 

+ IiTi)I-+ 2(i\2hk = liiuhl + 2023 '̂O]-The carbon atoms were refined 
with anisotropic temperature factors, and the hydrogen atoms, which 
were successfully refined, were assigned isotropic temperature factors. 
Atomic scattering factors for the carbon atoms were taken from the 
compilation of Cromer and Mann,s and were corrected for the real 
and imaginary parts of anomalous scattering.9-10 Hydrogen atom 
scattering factors were taken from the compilation of Stewart et 
al. 

On the final cycle of least-squares refinement, no individual pa
rameter shift was greater than 0.05 of the corresponding parameter 
estimated standard deviation. The estimated standard deviation of 
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Figure 1. Perspective view of the photodimer (stcreopair) showing the atom numbering sequ 

Table I. Crystal Data and Data Collection Details 

radiation: Cu Ka 
a = 21.323 (8) A"'* 
c = 8.587 (3) A 
formula; C34H26 
PoW 1-24(1) gem - 3 

H (Cu Ka): 5.43 cm"1 

monochromator: graphite 
crystal 

scan method and speed: 
scan width 

scan range 
total background count 

timec 

"standard" reflections'* 
crystal decomposition 
form of data collected'' 
total number of data 

collected'' 
number with Ij' a(I) > 3.0 

X: 1.5418 A 
b= 12.642(4) A 
/3 = 93.25(2)° 
cell volume: 2311.0 A3 

Pcakd: 1.249 gcm~3 

space group Pl\jc [C\h, no. 14] 
crystal-counter distance: 28.5 cm 

0-20 scans at 2°/min 
from 0.85° below the Cu Ka1 

maximum to 0.85° above the 
Cu Ka2 maximum 

3° « 2 0 « 125° 
20 s 

(940); (153); (940) 
none_ 
hkl, hkl, hkl, hkl, hkl, hkl 
6939 

2573 

" Cell dimensions were measured at 20 ± 1 °C. * Estimated stan
dard deviations (in parentheses) in this and the following tables, and 
also in the text, refer to the least significant digit(s) in each case. 
' Backgrounds were measured on either "side" of each reflection (10 
s each side) at the scan width limits, and were assumed to be linear 
between these two points. d The "standard" reflections were monitored 
after each 100 measurements throughout the course of data collection. 
" For statistical reasons, three independent data sets were collected. 
One set (hkl and hkl) was collected in the range 3° « 28 « 125°; the 
two remaining data sets were within the range 3° « 28 =S 75°. 

an observation of unit weight, defined as [2w(|F0 | - \Fc\)
2/(m -

/r)]'/2 [where m is the number of observations and n (= 412) is the 
number of parameters varied] was 1.65; cf. an expected value of 1.0 
for ideal weighting. There were no unusual features on the final 
electron-density difference map, and there were no residual maxima 
greater than 0.15 e/A3. An extinction correction was applied,12 and 
the extinction parameter, BO, refined successfully to 2.53 X 10 -5 ± 
1.6 X 1O-6. A weighting analysis showed that there was no serious 
dependence of the minimized function on either |F0 | or X-1 sin 0. 

The final atomic positional and thermal parameters, together with 
their estimated standard deviations, are listed available as supple
mentary material only. A list of calculated and observed factor am
plitudes [XlO (electrons)] is also available as supplementary mate
rial. 

Computer Programs 

All calculations were carried out on the Univac-1108 com

puter at The Australian National University Computer Centre, 
using the ANUCRYS system of programs. ANUCRYSis a sys
tem of crystallographic programs which has been implemented 
on the Univac-1108 computer by P. O. Whimp and D. Taylor, 
and contains programs from a variety of sources, as follows: 
DATSET, Picker diffractometer data tape translation with 
least-squares determination of the rate of decay of the "stan
dard" reflections (D. Taylor and J. M. Rosalky, A. N. U.); 
SETUP3, data reduction,13 correction for anisotropic crystal 
decomposition (if necessary),14 and calculation of statistics13 

(P. O. Whimp); S O R T E R , sorting of reflection data together 
with averaging of multiple data observations (D. Taylor and 
P. O. Whimp); MULTAN, the 1974 version of the University 
of York direct methods package which includes programs for 
calculation of E values, assignment of phases, fast Fourier 
routine, peak search routine, and molecular fragment recog
nition7; BLKLSQ, a block-diagonal least-squares refinement 
program (4 X 4, or 3 X 3 and 6 X 6 matrices) based on Prew-
itt's SFLS-59 (locally modified by B. M. Foxman, P. O. Whimp, 
and D. Taylor); FULLSQ, a locally modified version (P. O. 
Whimp) of Prewitt's SFLS-5 full-matrix least-squares refine
ment program;9 A N U F O R , a locally modified version (P. O. 
Whimp) of the University of Canterbury Fourier program; 
DANFiG, University of Canterbury lineprinter plotting 
program (based on O R T E P ) ; H Y D G E N , a locally modified 
version (D. Taylor and P. O. Whimp) of Hoppe's (UCLA) 
hydrogen atom generating program; TOMPAB, a locally 
modified version (J. D. Bell) of the Brookhaven National 
Laboratory absorption correction program;15 O R T E P , John
son's thermal ellipsoid plotting program;15 O R F F E , the Oak 
Ridge National Laboratory program for calculation of er
rors;17 LISTER, printout of final atomic parameters and esd's 
(D. Taylor); PUBTAB, printout of structure factor amplitudes 
(P. O. Whimp); M E A N P L , calculation of weighted least-
squares planes using the method described by Blow.18 

Description and Discussion of the Structure 

The crystal structure, as defined by the unit cell parameters, 
symmetry operations, and atom coordinates,29 consists of 
discrete monomeric molecular units which have neither crys
tallographic nor virtual symmetry higher than C\. There are 
no unusually short intermolecular contacts. 

A perspective view of one molecule, together with the atom 
numbering scheme, is shown by the stereopairs of Figure 1, 
while the contents of one unit cell, as viewed down a*, are 
shown by the stereopairs of Figure 2. In each figure, the ther
mal ellipsoids have been drawn to include 50% of the proba-
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Figure 2. Stereoscopic view of one unit cell, viewed down a*. 

bility distribution, and, for clarity, the hydrogen atoms have 
been omitted. 

Principal bond lengths and interbond angles, together with 
their estimated standard deviations, are listed in Table II. The 
results of least-squares planes calculations are collected in 
Table III. 

The bonds which are formed by the photodimerization 
process [i.e., C(6)-C(26), 1.627 (2); C(13)-C(37), 1.629 (2) 
A] are equal within experimental error (3.Oc), but are very 
much longer than the value of 1.537 (5) A normally expected 
for simple carbon-carbon single bonds.1911 Similarly long 
carbon-carbon distances have been found for the corre
sponding bonds in di-p-anthracene (1.62 A),20 and for the trans 
tetracene-tetracene photodimer [1.616 (3) A].21 

It is clear that, in each of these derivatives, there is consid
erable 7T-Tr repulsion between the two "halves" of each mole
cule. Although the distances between the centers of gravity of 
the two pairs of aromatic rings [i.e., 3.49 A for the pair con
taining C(I) and C(21); 3.59 A for the other pair] in the 
present derivative are in good agreement with the accepted van 
der Waals "thickness" of an aromatic ring (ca. 3.6 A), the 
nonbonded distances immediately adjacent and parallel to the 
bonds formed by photodimerization [i.e., C(5)- • -C(25), 2.74; 
C(7)---C(27), 2.73; C(12)---C(36), 2.74; C(U)- • -C(38), 
2.74 A] are short and indicate considerable X-TT interaction. 
Similar nonbonded distances (ca. 2.7-2.8 A) have been found 
for a number of cyclophane derivatives22 where the effects of 
TT-TT repulsion are relieved by the out of plane bending of the 
aromatic rings. In the present derivative, however, the effects 
of 7r-7r repulsion are relieved by the abnormally long car
bon-carbon single bonds, and the four "face to face" aromatic 
rings are planar within experimental error (Table III). 

Using the energy minimization program described by 
Buckingham et al.,23 and the appropriate force field potential 
function constants for bond length deformations,23-24 bond 
angle deformations,23'24 nonbonded interactions,23 and tor
sional interactions,23 we have calculated that the strain energy 
associated with the long carbon-carbon bonds [i.e., C(6)-
C(26)andC(13)-C(37)] is 3.8 kcal mol-' per bond for the 
refined crystallographic model. In addition, the strain energy 
associated with the short nonbonded carbon-carbon contacts 
mentioned above averages 1.0 kcal mol-1 per interaction. 

Within the aromatic rings of this molecule, the geometry 
is normal. Thus, the C-C distances, which range from 1.361 
(2) to 1.420 (2) A, average 1.390 A, while the internal C-C-C 
ring angles average 120.2°. In addition, the mean aromatic 
C-H distance is 1.00 A, the average aromatic C-C-H angle 
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Figure 3. Absorption and fluorescence spectrum of DMA-T in mcthyl-
cyclohexane at 77 K. 

is 119.7°, and the aromatic hydrogen atoms do not deviate 
significantly from their respective aromatic ring planes (Table 
III). 

Apart from the long carbon-carbon distances which are 
formed by the photodimerization process and have been dis
cussed above, the geometry within the (saturated) central ring 
system shows one other unusual feature. The four single car
bon-carbon bonds [C(25)-C(26), 1.509 (2); C(26)-C(27), 
1.511 (2); C(36)-C(37), 1.509 (2); C(37)-C(38), 1.507 (2) 
A], equal within experimental error, are in excellent agreement 
with the value of 1.505 (5) A normally expected for bonds 
between sp2- and sp3-hybridized carbon atoms.I9b In contrast, 
the four remaining bonds [C(S) C(6), 1.530 (2); C(6)-C(7), 
1.525 (2); C(12)-C(13), 1.531 (2); C(13)-C(14), 1.527 (7) 
A], which are also equal within experimental error (average 
1.528 A), are significantly longer, and are only marginally 
shorter than the value of 1.537 (5) A expected for bonds be
tween two sp3-hybridized carbon atoms.1911 The two C-CH3 
distances [C(6)-C(15), 1.526 (2); C(13)-C(16), 1.530 (2) Aj 
are only slightly shorter than their expected value. Within this 
portion of the molecule, the C-C-C angles average 110.1°, and 
the C-H distances average 1.02 A. 

Photophysics and Photochemistry of DMA'T in Solution 
The absorption spectrum of DMA-T is dominated by the 

naphthalene chromophore, being very similar to the spectrum 
of 2,3-dimethylnaphthalene. In contrast, it might be expected 
that excited-state (exciplex) interaction between the naph
thalene and its facing benzene chromophore (see Figure 1) 
would modify, in some way, the fluorescence spectrum. 
However, the fluorescence spectrum (Figure 3) shows noevi-
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Table II. Bond Lengths and lnterbond Angles 

atoms 

C(l)-C(2) 
C(3)-C(4) 
C(7)-C(8) 
C(9)-C(10) 
C(21)-C(22) 
C(23)-C(24) 
C(27)-C(28) 
C(29)-C(30) 
C(31)-C(32) 
C(34)-C(35) 
C(5)-C(6) 
C(12)-C(13) 
C(25)-C(26) 
C(37)-C(38) 
C(6)-C(26) 
C(I)-H(I) 
C(4)-H(4) 
C(IO)-H(IO) 
C(15)-H(I5B) 
C(I6)-H(16B) 
C(22)-H(22) 
C(26)-H(26) 
C(31)-H(31) 
C(35)-H(35) 

atoms 

C(14)-C(l)-C(2) 
C(3)-C(4)-C(5) 
C{14)-C(5)-C(6) 
C(12)-C(7)-C(8) 
C(9)-C(10)-C(ll) 
C(ll)-C(12)-C(7) 
C(I3)-C(I4)-C(5) 
C(21)-C(22)-C(23) 
C(24)-C(25)-C(26) 
C(26)-C(27)-C(28) 
C(27)-C(28)-C(29) 
C(34)-C(29)-C(30) 
C(31)-C(32)-C(33) 
C(33)-C(34)-C(29) 
C(35)-C(36)-C(37) 
C(37)-C(38)-C(21) 
C(5)-C(6)-C(7) 
C(7)-C(6)-C(15) 
C(12)-C(13)-C(14) 
C(14)-C(13)-C(16) 
C(25)-C(26)-C(27) 
C(36)-C(37)-C(38) 

distance 

1.377(2) 
1.380(2) 
1.398(2) 
1.375(2) 
1.380(3) 
1.388(3) 
1.365(2) 
1.415(2) 
1.397(3) 
1.418(2) 
1.530(2) 
1.531 (2) 
1.509(2) 
1.507(2) 
1.627(2) 
0.95(1) 
1.00(1) 
1.02(1) 
1.00(2) 
1.00(2) 
1.00(2) 
1.02(1) 
1.02(2) 
0.98(1) 

angle 

121.2(2) 
121.0(2) 
118.6(1) 
118.8(1) 
119.5(2) 
119.2(1) 
118.1 (1) 
120.6(2) 
123.3(2) 
123.1 (1) 
121.2(2) 
118.8(1) 
120.9(2) 
118.4(2) 
123.8(1) 
123.1 (2) 
106.8(1) 
111.8(1) 
106.6(1) 
112.1 (1) 
108.8(1) 
109.1 (1) 

A. Bond Lengths, 
atoms 

C(I)-C(U) 
C(4)-C(5) 
C(7)-C(12) 
C(IO)-C(Il) 
C(2I)-C(38) 
C(24)-C(25) 
C(27)-C(36) 
C(29)-C(34) 
C(32)-C(33) 
C(35)-C(36) 
C(6)-C(7) 
C(13)-C(14) 
C(26)-C(27) 

C(13)-C(37) 
C(2)-H(2) 
C(8)-H(8) 
C(H)-H(Il) 
C(15)-H(15C) 
C(16)-H(16C) 
C(23)-H(23) 
C(28)-H(28) 
C(32)-H(32) 
C(37)-H(37) 

B. lnterbond Angles 
atoms 

C(l)-C(2)-C(3) 
C(4)-C(5)-C(6) 
C(6)-C(7)-C(8) 
C(7)-C(8)-C(9) 
C(10)-C(ll)-C(12) 
C(7)-C(12)-C(13) 
C(5)-C(14)-C(l) 
C(22)-C(23)-C(24) 
C(24)-C(25)-C(38) 
C(26)-C(27)-C(36) 
C(28)-C(29)-C(30) 
C(29)-C(30)-C(31) 
C(32)-C(33)-C(34) 
C(29)-C(34)-C(35) 
C(35)-C(36)-C(27) 
C(37)-C(38)-C(25) 
C(5)-C(6)-C(26) 
C(7)-C(6)-C(26) 
C(12)-C(13)-C(37) 
C(I4)-C(13)-C(37) 
C(25)-C(26)-C(6) 
C(36)-C(37)-C(13) 

A 
distance 

1.388(2) 
1.396(2) 
1.400(2) 
1.383(2) 
1.392(2) 
1.392(2) 
1.416(2) 
1.420(2) 
1.361 (2) 
1.361 (2) 
1.525(2) 
1.527(7) 
1.511 (2) 

1.629(2) 
0.97 (2) 
1.02(2) 
0.99(1) 
1.03(2) 
1.02(1) 
1.03(2) 
1.02(1) 
1.01 (2) 
1.03(1) 

i, deg 
angle 

120.1 (2) 
122.7(1) 
122.6(1) 
121.1 (2) 
121.2(2) 
118.2(1) 
119.1 (I) 
120.0(2) 
120.0(2) 
116.8 (1) 
122.5(2) 
121.0(2) 
120.7(2) 
118.9(1) 
120.1 (1) 
117.3(1) 
110.8(1) 
109.7(1) 
110.7(1) 
110.2(1) 
111.9(1) 
112.0(1) 

atoms 

C(2)-C(3) 
C(5)-C(14) 
C(8)-C(9) 
C(ll)-C(12) 
C(22)-C(23) 
C(25)-C(38) 
C(28)-C(29) 
C(30)-C(31) 
C(33)-C(34) 

C(6)-C(15) 
C(13)-C(16) 
C(36)-C(37) 

C(3)-H(3) 
C(9)-H(9) 
C(15)-H(15A) 
C(16)-H(16A) 
C(21)-H(21) 
C(24)-H(24) 
C(30)-H(30) 
C(33)-H(33) 

atoms 

C(2)-C(3)-C(4) 
C(4)-C(5)-C(14) 
C(6)-C(7)-C(12) 
C(8)-C(9)-C(10) 
C(ll)-C(12)-C(13) 
C(13)-C(14)-C(l) 
C(38)-C(21)-C(22) 
C(23)-C(24)-C(25) 
C(38)-C(25)-C(26) 
C(36)-C(27)-C(28) 
C(28)-C(29)-C(34) 
C(30)-C(31)-C(32) 
C(33)-C(34)-C(35) 
C(34)-C(35)-C(36) 
C(27)-C(36)-C(37) 
C(25)-C(38)-C(21) 
C(5)-C(6)-C(15) 
C(15)-C(6)-C(26) 
C(12)-C(13)-C(16) 
C(16)-C(13)-C(37) 
C(27)-C(26)-C(6) 
C(38)-C(37)-C(13) 

distance 

1.368(2) 
1.400(2) 
1.374(2) 
1.386(2) 
1.381 (3) 
1.388(3) 
1.415(2) 
1.363(2) 
1.419(2) 

1.526(2) 
1.530(2) 
1.509(2) 

1.02(1) 
0.98(2) 
1.00(2) 
1.02(2) 
1.01 (2) 
1.04(2) 
1.00(1) 
1.01 (2) 

angle 

119.9(2) 
118.7(1) 
118.6(1) 
120.2(2) 
122.6(1) 
122.8(1) 
120.0(2) 
119.8(2) 
116.7(1) 
120.1 (1) 
118.6(1) 
120.0(2) 
122.7(2) 
121.1 (2) 
116.1 (1) 
119.6(2) 
111.7(1) 
105.2(1) 
111.4(1) 
105.9(1) 
112.7(1) 
112.7(1) 

dence of this and it is also very similar to the spectrum of 
2,3-dimethylnaphthalene. 

The significant property of the fluorescence is its tempera
ture-dependent quenching, shown in Figure 4, in which the 
limiting low-temperature yield is assumed to be unity. Making 
the further assumption that the quenching is due to a thermally 
activated photodissociation rate (kd - A exp(—E*/KT)) an 
Arrhenius plot (Figure 5) provides the following parameters: 
A =1.2 X 1015 s- ' , £•* = 4.15 X 103 cm"1. The quenching 
parameters are the same in the much more viscous solvent 
methylcyclohexane-decalin (1:1) so, very probably, they are 
intrinsic. 

The activation barrier is large and, assuming it is intrinsic, 
we add it to the purely electronic fluorescent energy (30 600 
cm -1) to obtain 34 750 cm-1 (288 nm). This is just the ex
pected energy of the lowest singlet excited state of the pair of 
facing benzene chromophore groups in the molecule. It seems 
likely therefore that the activation barrier can be ascribed to 

the energy difference between the naphthalene and benzene 
chromophores in the molecule. 

Electronic excitation energy localized in this region of the 
molecule can then follow a pathway analogous to that in di-
anthracene and related compounds, as was shown recently.25 

All of these compounds give rise to excited-state (excimer or 
exciplex) products in surprisingly high yield at lower temper
atures, below about 200 K, for which the quenching photodi-
merization or photoisomerization reaction yield is nearly 
zero. 

Exciplex fluorescence was therefore looked for and found 
(see Experimental Section). It has the same intensity distri
bution as the emission from the sandwich pair in the pho-
toisomer crystal (see Figure 7). This emission was then mon
itored with the arrangement described above and a series of 
excitation spectra measured as a function of temperature. The 
intensity of this emission is strongly dependent on temperature. 
These measurements also show that there is a very weak tern-
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Table III. Least-Squares Planes 

plane 

1 
2 
3 
4 
5 
6 

atom 

C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
C(14) 
C(6) 
C(13) 
H(I) 
H(2) 
H(3) 
H(4) 

atom 

C(27) 
C(28) 
C(29) 
C(34) 
C(35) 
C(36) 
C(26) 
C(30) 
C(31) 
C(32) 
C(33) 
C(37) 
1-1(28) 
H(35) 

atoms defi 
A. Best Weighted Least-Squares Planes 

ning plane 

C(1),C(2),C(3),C(4),C(5),C(14) 
C(7),C(8),C(9), C(IO), C(11),C(12) 
C(I), C(22), C(23), C(24), C(25), C(38) 
C(27), C(28), C(29), C(34), C(35), C(36) 
C(29), C(30), C(31), C(32), C(33), C(34) 
C(26), C(27), C(28), C(29), C(30), C(31) 
C(32), C(33), C(34), C(35), C(36), C(37) 

plane 1 

0.000(2) 
-0.005 (2) 

0.004 (2) 
0.003 (2) 

-0.005(1) 
0.004(1) 

-0.036(1) 
0.036(1) 

-0.02(1) 
0.04 (2) 
0.02 (2) 

-0.03(1) 

plane 4 

0.005(1) 
0.004 (2) 

-0.009 (2) 
0.007 (2) 
0.002 (2) 

-0.007(1) 
0.011 (2) 

-0.052(2) 
-0.067 (2) 
-0.016(2) 

0.022 (2) 
-0.047 (2) 

0.01 (1) 
-0.02(1) 

0.4292* -
-0 .3563*-
-0.3609* -

0.4282* -
0.4181*-
0.4258*-

B. Deviations (A) of Atoms from Mean Planes 
atom 

C(7) 
C(8) 
C(9) 
C(IO) 
C(H) 
C(12) 
C(6) 
C(13) 
H(8) 
H(9) 
H(IO) 
H(Il) 

atom 

C(29) 
C(30) 
C(31) 
C(32) 
C(33) 
C(34) 
C(27) 
C(28) 
C(35) 
C(36) 
H(30) 
H(31) 
H(32) 
H(33) 

plane 2 

0.003(1) 
0.002 (2) 

-0.005 (2) 
0.001 (2) 
0.005 (2) 

-0.005(1) 
0.027(1) 

-0.008(1) 
0.04 (2) 
0.01 (2) 
0.01 (1) 
0.02(1) 

plane 5 

0.008 (2) 
0.001 (2) 

-0.011 (2) 
0.006 (2) 
0.008 (2) 

-0.011 (2) 
-0.019 

0.016(2) 
-0.052(2) 
-0.064(1) 
-0.04 (2) 
-0.08 (2) 
-0.02 (2) 
-0.05 (2) 

equation" 

- 0.6887K - 0.5844Z + 6.3532 = 0 
- 0.5550K - 0.7517Z + 18.5379 = 0 
-0.5875K- 0.7243 + 17.3162 = 0 
-0.6512K-0.6265+ 4.6724 = 0 
- 0.6357^-0.6489 +4.7212 = 0 
- 0.6512K- 0.6282 + 4.7229 = 0 

atom 

C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(38) 
C(26) 
C(37) 
H(21) 
H(22) 
H(23) 
H(24) 

atom 

C(26) 
C(27) 
C(28) 
C(29) 
C(30) 
C(31) 
C(32) 
C(33) 
C(34) 
C(35) 
C(36) 
C(37) 
H(28) 
H(30) 
H(31) 
H(32) 
H(33) 
H(34) 

plane 3 

-0.003 (2) 
-0.004 (2) 

0.005 (2) 
0.001 (2) 

-0.005 (2) 
0.005 (2) 

-0.056(2) 
0.010(2) 

-0.04 (2) 
0.02 (2) 
0.06 (2) 

-0.02(2) 

plane 6 

0.015(2) 
0.012(1) 
0.014(2) 
0.005 (2) 

-0.034(2) 
-0.047 (2) 

0.004 (2) 
0.038 (2) 
0.020 (2) 
0.011 (2) 

-0.001 (1) 
-0.046 (2) 

0.02(1) 
-0.10(1) 
-0.14(2) 
-0.03 (2) 

0.00 (2) 
-0.01 (1) 

o The plane equations LX + MY +NZ + D=O refer to orthogonal coordinates where * = 21.3233.x + 0.0>' - 0.4864z; Y •• 
+ 0.Oz; Z = 0.0x + 0.Oy + 8.5730z. 

O.O.v + 12.641 Iy 

perature-independent exciplex emission (below about 240 K) 
in addition to the much more intense temperature-dependent 
emission which appears at about 240 K. The appearance of this 
latter emission is coincident with the onset of the quenching 
of the fluorescence from the naphthalene chromophore (see 
Figure 4). We conclude therefore that the temperature-de
pendent exciplex emission is good evidence for the thermally 
activated mechanism postulated above, i.e., a thermal transfer 
of electronic excitation energy from the naphthalene chro
mophore into the pair of facing benzene chromophores. 

The temperature-independent photodissociation has a very 
low apparent quantum yield and there are probably two dif
ferent mechanisms involved. In one, the excitation occurs 
initially in the pair of benzene chromophores which are face 
to face and photodissociation follows immediately. In the other, 
the initial more probable absorption is localized in the naph
thalene chromophore and very fast relaxation to the lowest 
electronic energy level near 30 600 cm -1 takes place. At this 
point, probably because of the absence of significant charge-
transfer interaction between the naphthalene and the facing 
benzene chromophore, the probability of a radiationless re
laxation to the dissociated state is greatly reduced, so that 

fluorescence is observed with high efficiency. Photodissociation 
does occur, but with a very small (undetermined) yield. There 
is some evidence which suggests that wavelengths less than 
about 290 nm have a relatively higher photodissociation 
quantum yield than wavelengths greater than this figure, 
corresponding to the first mechanism, but an experimental 
discrimination between the two mechanisms is difficult to carry 
out. No long-lived (triplets) emission could be detected in any 
of these experiments. 

Photophysics of Dissociated DMA«T at 77 K 
Irradiation of DMA-T in methylcyclohexane at 77 K leads 

to photodissociation and the production of the component 
molecules held in a sandwich arrangement by the constraints 
of the rigid glass. The corresponding absorption and emission 
spectra are given in Figure 6A and the spectra of the disso
ciated molecules are in Figure 6B. 

Contrary to expectation the fluorescence of the sandwich 
pair does not show the structureless emission band of an exci
plex. Rather it is similar to partially relaxed dimer fluorescence 
observed earlier for sandwich dimers after slight softening.26 

The experiments were therefore repeated with the glassy ma-
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200 300 
T, "K 

Figure 4. Fluorescence yield of DMA-T as a function of temperature in 
methylcyclohcxanc-isopcntane (1:3) (x—-x—x). Exciplex fluorescence 
intensity (arbitrary units) as function of temperature (O — O—O). Ex
citation wavelength for both measurements was 284 nm. 

Figure 5. Arrhcnius plot of the fluorescence quenching of DMA-T (Figure 
4). 

trix at 10 K but essentially similar spectra were obtained. 
Unlike the case with the photoisomer of l-(9-anthryl)-3-(l-
naphthyl)propane,27 where there is a constraining bridge, it 
appears that photodissociation leads to a range of conforma
tions with overlapping fluorescence spectra. 

Photophysics and Photochemistry of DMA-T Single 
Crystals 

The well-developed face of the crystals is (100), and the 
molecular orientation with respect to this face is shown by the 
stereopairs of Figure 2. Intense emission from the lowest ab
sorption band is easily observed (Figure 7). There appears to 
be both intrinsic and defect emission, the latter denoted by X 
in Figure 7. 

An oriented gas model gives for the orientation of the 
naphthalene chromophore in the crystals an expected polar
ization ratio (c/b) of 6.6:1 if the transition moment direction 
lies along the long axis of the naphthalene chromophore. The 

3 0 X 1 0 ' 2 4 22 

WAVENUMBER (cm"1 

Figure 6. (A) Absorption spectrum of photodissociatcd DMA-T in a 
methylcyclohexanc glass at 77 K (left curve) and fluorescence spectrum 
excited by 400-nm light (right curve). (B) Absorption spectrum of pho
todissociatcd DMA-T at 77 K after allowing softening of the glass to occur 
(lower curves) and corresponding fluorescence spectrum excited by 270-nm 
light (upper curve). 
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Figure 7. Upper panel: polarized absorption and fluorescence spectra of 
DMA-T for light normal to the well-developed (100) face at IO K. Lower 
panel: absorption (left of 19 500 cm - 1) and fluorescence (right of 19 500 
cm - ' ) spectra (at IO K) of a single DMA-T crystal, light normal to (100) 
face, after room temperature irradiation with 254-nm light. 

observed ratio is 2/1 in absorption and a little higher in emis
sion. The actual site symmetry in the crystal allows a mixing 
of short and long axis polarized transitions so the reduction 
from the oriented gas ratio is not surprising. 

Prolonged irradiation of a crystal of DMA-T at 10 K with 
254-nm light leads to an extremely small yield of photodisso-
ciated molecules together with other unidentified photoprod-
ucts, unlike the analogous experiments with glassy solutions. 
The photodissociation is effectively quenched in the crystal at 
low temperatures for reasons which are not understood. 

On the other hand, irradiation of the crystal at room tem
perature does lead to photodissociation and the polarized ab
sorption and emission spectra of the product, measured at 10 
K, are given in Figure 7. In this case the absorption spectrum 
shows only a small anisotropy with a ratio b/c of about 1.1:1. 
Assuming no rotation of the dissociated components, following 
cleavage, we estimate a polarization ratio b/c = 1.2 for a short 
axis polarized transition in either DMA or T. The emission 
spectrum shows even less anisotropy, with the c polarization 
perhaps marginally greater in its intensity. We conclude from 
this that the exciplex emission spectrum is essentially short axis 
polarized, with respect to the two component molecules, but 
it is likely that there is a component which is in a direction 
normal to these planes. The latter would explain the small 
polarization difference between the absorption and emission 
spectra. It is the expected28 charge-transfer component of the 
exciplex transition moment, but the orientation of the mole
cules in the crystal is not a favorable one to distinguish between 
vectors normal to the molecule planes and their short axis 
vector directions. 
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Table IV. Fluorescence Lifetimes (ns) 

species 

DMA-T 
(DMA+ T)" 
DMA 
T 

medium 
MCH 77 K 

95 
60 
13 
8.5 

crystal 

80 
85 

" (DMA + T) signifies photodissociated molecule, constrained by 
the environment in a "sandwich" geometry. 

The exciplex character of the emission is in contrast to the 
fluorescence obtained after photodissociation in glassy solvents. 
The DIVIA-T host crystal provides a greater constraint for the 
dissociated fragment molecules so that excitation leads to an 
exciplex state. However, the conformation is not topochemical 
in terms of the photodimerization pathway, which is followed 
only as a result of thermal activation. The exciplex emission 
intensity is independent of temperature below about 150 K, 
while it is quenched above this value and photodimerization 
proceeds. 

Fluorescence Decay Times. The fluorescence decay times 
were measured using dye laser excitation and the values are 
given in Table IV. 
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