2370

Journal of the American Chemical Society [ 101:9 [ April 25, 1979

1-(9-Anthryl)-3-(1-naphthyl)propane. Crystal and
Molecular Structure of the Photoisomer.
Photophysics and Photochemistry of the Two Isomers

James Ferguson,*!2 Albert W-H. Mau,'® and Peter O. Whimp'¢
Contribution from the Research School of Chemistry, The Australian National University,

Canberra, Australia.

Received February 3, 1978

Abstract: The single-crystal X-ray analysis of the photoisomer of 1-(9-anthryl)-3-(1-naphthyl)propane is described. The mole-
cule crystallizes in the monoclinic space group P2,/n with four molecules per unit cell of dimensions a = 12.686 (4) A, b =
8.758 (3) A, ¢ = 17.038 (5) A, and 3 = 103.17 (2)°. The conventional R factor for the 2032 reflections of the terminal data
with 7/o(1) 2 3.0 is 0.037. The bonds formed by the photoisomerization [C(6)-C(26), 1.605 (3) A: C(13)-C(29), 1.664 (2)

] are significantly different. The cyclopentane ring is disordered and it has an envelope conformation. lrradiation of the pho-
toisomer photodissociates the molecule and the product appears in its electronically excited (exciplex) state. Polarized fluores-
cence experiments in viscous solvents show that the exciplex transition moment lies mainly along the short in-plane axis of the
anthracene chromophore. Photophysical studies of the more stable isomer have been carried out in rigid glasses, fluid solutions,
and the photoisomer crystal, and the effects of conformational arrangement of the two chromophores studied.

Chandross and Schiebel® reported the photoisomerization
of 1-(9-anthryl)-3-(1-naphthyl)propane (ANP) and single
crystals of its photoisomer (ANPPI) were prepared by Puza.?
A study of the photophysical and photochemical reactions of
ANP was made,3 but an analysis of its absorption spectrum,
obtained by the photodissociation of ANPPI in its single
crystal, could not be completed because of the lack of crystal
structure information.

The present study was undertaken primarily to obtain the
necessary crystal and molecular structure information to en-
able an analysis of the photophysical properties of ANP in
ANPPI single crystal. In addition, the photophysical properties
of ANP and ANPPI in viscous glasses and fluid solutions were
also investigated to determine the effects of temperature and
viscosity on the radiationless processes which govern the
photochemical behavior of these molecules.

Experimental Section

The preparation of crystals of ANPPI has been given previously3
and the spectroscopic methods are given in the previous paper. For
1he present work two solutions of different viscosity were used. These
are methylcyclohexane-decalin (1:1, MCH-D) and methylcyclo-
hexane-isopentane (1:3, MCH-1P).

Collection and Reduction of X-ray Intensity Data, Approximate cell
dimensions for ANPP| were obtained from preliminary Weissenberg
and precession photographs which showed systematic absences (h0/
data, h +/=2n+ 1:0k0data, k = 2n + 1) corresponding to space
group P2, /n. [Space group P2,/n is a nonstandard setting of space
group P2;/c (C3j, no. 14)]. The crystal chosen for data collection was
1ransferred to a Picker FACS-1 fully automatic diffractometer, and
was aligned with the crystallographic b axis and the instrumental &
axis approximately coincidental. The unit-cell dimensions (with es-
timated standard errors), and the crystal orientation matrix were
obtained in the usual way.’ Full derails of the crystal data, the data
collection method, and experimental conditions used appear in Table
1. During data collection, the intensities of the three “*standard” re-
flections showed a regular 1ime-dependent decrease (Table 1). Before
further calculation, the measured intensities were corrected for an-
isotropic decay ¢ Reflection intensities were reduced to values of | F,|.
and each reflection was assigned an individual estimated standard
deviation [a(F,)].¢ For this data set, the instrumental *“‘uncertainty”
factor? (p) was set at (0.002)!/2. Equivalent reflection forms were
averaged, and those reflections with 7/a(7) < 3.0 were discarded as
being unobserved. The statistical R factor® (R,) for the 2032 reflec-
tions of the terminal data set was 0.019.

Solution and Refinement of the Structure, The structure was solved
by direct methods using the MULTAN system of programs.® Eight sets
of signs for the 250 reflections with | E| = 1.76 were determined. The
E map generated by the chosen starting set showed the positions of
the 27 carbon atoms of the molecule. Using data which had been
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corrected for absorption effects,® the structure was refined initially
by block-diagonal and, in the latter stages, full-matrix least-squares
methods to final unweighted and weighted R factors of 0.037 (R) and
0.049 (R}, respectively. During least-squares refinement, the min-

imized function was Zw(|F,| — | F|)?, and individual weights of the
form w = [6(F,)]~2 were used throughout: R = Z||Fo| — |Fcll/
ZIFol; Ry = {Zw[|Fo| — |F.|12/Zw|F,|%}'/2; the anisotropic

temperature factor was of the form exp[—(811h% + B22k2 + 83312 +
2B12hk + 2813kl + 2(323k1)]. Scattering factors for carbon atoms were
taken from the compilation of Cromer and Mann,? and, although the
effects were small, the correction for the real and imaginary parts of
anomalous scattering was applied.!0-!! Scattering factors for hydrogen
atoms were taken from the listing of Stewart et al.!2

During refinement, we found that one carbon atom was disordered,
and the “fractional” atoms C(42A) and C(42B) (see Figure 2) were
included in all subsequent least-squares refinement cycles. The oc-
cupancy factors for C(42A) and C(42B) were successfully refined to
0.702 (9) and 0.301 (9), respectively. Sixteen isotropic hydrogen atoms
were successfully refined, but the hydrogen atoms associated with
C(41), C(42A), C(42B), and C(43) were included as fixed contri-
butions to Fe. The fixed hydrogen atom coordinates (assuming C-H
= 1,015 A) and isotropic temperature factors (By = 1.1B¢ A2) were
recalculated prior to each refinement cycle. In order to satisfy the
disorder problem, we assumed that C(41) and C(43) were each
bonded to four hydrogen atoms with occupancy factors corresponding
to those found for C(42A) and C(42B).

An extinction correction was applied,!? and the extinction pa-
rameter BO refined successfully to 8.8 X 1076 £ 9.8 X 1077,

On the final cycle of least-squares refinement, no individual pa-
rameter shift was greater than 0.05 of 1he corresponding parameter
estimated standard deviation. The ¢stimated standard deviation of
an observation of unit weight, defined as [Ew(|F,| — |F¢|)?/(m —
1)]Y/? [where m is the number of observations and n (= 320) is the
number of parameters varied] was 1.66; cf. an expected value of 1.0
for ideal weighting. There were no unusual features on the final
clectron-density difference map, and there were no residual maxima
greater than 0.2 ¢/A3. A weighting analysis showed that there were
no serious trends in the dependence of the minimized funciion on either
|Fo| or A~ 1sin 6.

The final atomic positional and thermal parameters, together with
their estimated standard deviations (where appropriate), are lisied
in a table which is available as supplementary material only. Also
available as supplementary material is a list of observed and calculated
structure factor amplitudes [X10 (electrons}].

Discussion of the Crystal Structure

The crystal structure, as defined by the unit cell parameters,
symmetry operations, and atom coordinates,2® consists of
discrete monomeric molecular units which have neither crys-
tallographic nor virtual symmetry higher than C,. There are
no unusually short intermolecular contacts.

© 1979 American Chemical Society
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Figure 2. Stereoscopic view of one unit cell, viewed down a. The aloms marked A and B show 1he two possible positions of the disordered atom

C(42).

Table I. Crystal Data and Data Collection Details.

radiation: Cu Kev X\ 1.5418A
a = 12.686 (4) Aab b=28.758(3)A
c=17.038 (5) A B8=103.17 (2)°

cell volume: 1843.0 A3

Peaca: 1.25 g em™3

space group: P2,/n¢

crystal-counter distance: 28.5
cm

0-20 scans at 2° /min

formula: C7Ha»

Pobsa: 1.24 (1) gem™3
w(CuKe): 543 cm™!
monochromator: graphite crystal

scan method and speed:

scan width: from 1.15° below the Cu Ke;
maximum to 1.15° above
the Cu Ke; maximum

scan range: 3°L20<124°

total background count time? 20s

“standard” reflections®
crystal decomposition/
total data collected

(2,0,14); (800); (150)

28.78%; 24.28%; 13.92%

3397 reflections from the
quadrant ik %/

data with I/¢(1) 2 3.0 2032 reflections

@ 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.
¢ Space group P2,/n is a nonstandard setting of space group
P2,/c[C3). no. 14]. 4 Backgrounds were recorded 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, ¢ The **standard” re-
flections were monitored after each 100 measurements throughout
the course of data collection. / The decomposition rates refer re-
spectively to the three “standard” reflections.

A perspective view of one molecule, together with the atom
numbering scheme used, is shown by the stereopairs of Figure
1, while the contents of one unit cell and the disorder of C(41)
are shown by the stereopairs of Figure 2. In each of these fig-
ures the thermal ellipsoids have been drawn to include 50% of
the probability 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 I1. The
results of weighted least-squares planes calculations are col-
lected in Table 11,

The overall geometry of the present molecule is very similar
to that found for the 9,10-dimethylanthracene-tetracene
photodimer* and also for the trans-ditetracene photodimer.!4
There are, however, some significant geometrical modifications
which obviously arise from the presence of the cyclopentane
ring C(13)-C(29)-C(43)-C(42)-C(41) in the present mol-
ecule.

The effects of w-7 repulsion between the “face to face”
aromatic rings are shown by the long [cf. the accepted car-
bon-carbon single bond distance of 1.537 (5) A]!32 carbon-
carbon single bonds which are formed in the photodimerization
process. Unlike the previous examples, however, the distances
C(6)-C(26) [1.605 (3) A] and C(13)-C(29) {1.664 (2) A] are
significantly different. The shorter bond [i.e., C(6)-C(26)]
is in good agreement with previous observations (i.e., an av-
erage value of 1.628 A for the 9,10-dimethylanthracene-te-
tracene photodimer® and an average of 1.616 A for trans-di-
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Table 11, Bond Lengths and Interbond Angles
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A. Bond Lengths, A

aloms distance atoms distance atoms distance

C(H-C(2) 1.386 (3) C(1)-C(14) 1.386 (3) C(2)-C(3) 1.367 (3)

C(3)-C4) 1.380 (3) C(4)-C(5) 1.390 (3) C(5)-C(14) 1.400 (2)

C(7)-C(8) 1.386 (2) C(7)-C(12) 1.400 (2) C(8)-C(9) 1.380 (3)

C(9)-C(10) 1.366 (3) C(10)-C(11) 1.391 (3) C(11)-C(12) 1.381 (3)

C(21)-C(22) 1.387 (3) C(21)-C(30) 1.387 (3) C(22)-C(23) 1.382 (3)

C(23)-C(24) 1.378 (3) C(24)-C(25) 1.385 (3) C(25)-C(30) 1.403 (2)

C(27)-C(28) 1.322 (3)

C(5)-C(6) 1.509 (3) C(6)-C(7) 1.505 (3) C(12)-C(13) 1.539 (2)

C(13)-C(14) 1.528 (2) C(25)-C(26) 1.506 (3) C(26)-C(27) 1.499 (3)

C(28)-C(29) 1.512 (3) C(29)-C(30) 1.525 (3)

C(13)-C41) 1.542 (2) C(41)-C(42A) 1.491 (4) C(41)-C(42B) 1.546 (9)

C(42A)-C(43) 1.530 (4) C(42B)-C(43) 1.427 (8) C(43)-C(29) 1.543 (2)

C(6)-C(26) 1.605 (3) C(13)-C(29) 1.644 (2)

C(1)-H(1) 1.00 (2) C(2)-H(2) 0.98 (2) C(3)-H(3) 0.98 (2)

C(4)-H(4) 1.00 (2) C(8)-H(8) 0.97 (2) C(9)-H(9) 1.01 (2)

C(10)-H(10) 0.97 (2) C(11)-H(1) 1.01 (2) C(21)-H(21) 0.99 (2)

C(22)-H(22) 1.02 (2) C(23)-H(23) 1.01(2) C(24)-H(24) 1.02 (2)

C(27)-H(2N 1.00 (2) C(28)-H(28) 1.03 (2)

C(6)-H(6) 1.02(2) C(26)-H(26) 1.03 (2)

B. Interbond Angles, deg
atoms angle atoms angle atoms angle

C(14)-C(1)-C(2) 120.9 (2) C(1)-C(2)-C(3) 120.4 (2) C(2)-C(3)-C(4) 119.8 (2)
C(3)-C(4)-C(5) 120.5 (2) C(4)-C(5)-C(14) 120.0 (2) C(4)-C(5)-C(6) 1222 (2)
C(6)-C(5)-C(14) 117.8 (2) C(5)-C(14)-C(1) 118.4 (2) C(5)-C(14)-C(13) 117.4 (2)
C(1)-C(14)-C(13) 124.2 (2) C(6)-C(7)-C(8) 122.5 (2) C(6)-C(7)-C(12) 117.7 (2)
C(12)-C(7)-C(8) 119.8 (2) C(7)-C(8)-C(9) 121.1 (2) C(8)-C(9)-C(10) 119.4 (2)
C(9)-C(10)-C(11) 120.1 (2) C(10)-C(11)-C(12) 121.4 (2) C(11)-C(12)-C(7) 118.2 (2)
C(11)-C(12)-C(13) 124.4 (2) C(7)-C(12)-C(13) 117.4 (2) C(30)-C(21)-C(22) 121.0 (2)
C(21)-C(22)-C(23) 120.3 (2) C(22)-C(23)-C(24) 119.7 (2) C(23)-C(24)-C(25) 120.4 (2)
C(24)-C(25)-C(30) 120.6 (2) C(24)-C(25)-C(26) 122.1(2) C(26)-C(25)-C(30) 117.2 (2)
C(25)-C(30)-C(21) 118.1 (2) C(25)-C(30)-C(29) 116.8 (2) C(21)-C(30)-C(29) 125.2 (2)
C(26)-C(27)-C(28) 118.0 (2) C(27)-C(28)-C(29) 119.9 (2)
C(5)-C(6)-C(T) 107.0 (2) C(5)-C(6)-C(26) 113.3 (2) C(7)-C(6)-C(26) 113.0 (2)
C(12)-C(13)-C(14) 105.5 (1) C(12)-C(13)-C(29) 111.5(1) C(12)-C(13)-C(41) 113.0 (2)
C(14)-C(13)-C(29) 110.9 (1) C(14)-C(13)-C(41) 113.5(2) C(29)-C(13)-C(41) 102.6 (1)
C(25)-C(26)-C(27) 108.1 (2) C(25)-C(26)-C(6) 110.8 (2) C(27)-C(26)-C(6) 111.3(2)
C(28)-C(29)-C(30) 107.6 (2) C(28)-C(29)-C(13) 110.8 (1) C(28)-C(29)-C(43) 111.4(2)
C(30)-C(29)-C(13) 111.4 (1) C(30)-C(29)-C(43) 112.8 (2) C(43)-C(29)-C(13) 103.0 (1)
C(13)-C(41)-C(42A) 106.8 (2) C(13)-C(41)-C(42B) 102.9 (3) C(41)-C(42A)-C(43) 101.9 (2)
C(41)-C(42B)-C(43) 104.2 (6) C(42A)-C(43)-C(29) 105.3 (2) C(42B)-C(43)-C(29) 105.5 (3)

tetracene'4), while the longer bond [C(13)-C(29)] is in the
sterically strained (see below) cyclopentane ring.

As expected, the distance between the centers of gravity of
the “face to face” aromatic rings (3.57 A) is in good agreement
with the accepted van der Waals “thickness’ of an aromatic
ring (ca. 3.6 A). In contrast, the nonbonded distances C(5)
«C(25) (2.74 A), C(7)-C(27) (2.74 A), C(12)--C(28) (2.76
A), and C(14)--C(30) (2.77 A) are short, but they are in ex-
cellent agreement with the corresponding distances found for
the 9,10-dimethylanthracene-tetracene adduct (average 2.74
A)* and also for a number of cyclophane derivatives (ca.
2.7-2.8 A),'6 and are indicative of considerable - repul-
sion.

Within the three aromatic rings of the molecule, the ge-
ometry is normal. Thus, the carbon-carbon distances [range
1.366 (3)-1.403 (2) A] average 1.385 A, the internal C-C-C
ring angles average 120.0°, the mean C-H distance is 1,00 A,
and there are no significant trends in the deviations of the ar-
omatic carbon and hydrogen atoms from their respective ring
planes (Table I11).

The bond C(27)-C(28) is a simple double bond, and the
observed distance of 1.322 (3) A is in good agreement with the
accepted value of 1.335 (5) A.15® The angles C(26)-C(27)-
C(28) [118.0(2)°] and C(27)-C(28)-C(29) [119.9 (2)°] are
close to the expected value of 120.0°, and the four atoms

C(26), C(27), C(28), and C(29) are planar within experi-
mental error (Table 111).

The distances C(5)-C(6) [1.509 (3) A], C(6)-C(7) [1.505
(3) A], C(25)-C(26) [1.506 (3) A1, C(26)-C(27) [1.499 (3)
A], and C(28)-C(29) [1.512 (3) A] are within experimental
error of the value of 1.505 A15% expected for single bonds be-
tween sp?- and sp?-hybridized carbon atoms.

The cyclopentane ring, which is disordered (see Figure 2),
has an envelope conformation, and the atoms C(13), C(29),
C(41), and C(43) are approximately planar (see Table 111).
The disorder arises from the position of the fifth atom relative
to the remaining four. In the major isomer (70% of the crystal
examined), C(42A) is directed toward the “face to face”
phenyl rings. Both conformations of the cyclopropane ring are
sterically strained. In addition to the abnormally long car-
bon-carbon bond [C(13)-C(29)] (see above), and compression
of the bonds C(41)-C(42A) and C(42B)-C(43) [1.491 (4) and
1.427 (8) A, respectively], the internal ring angles (at C(13)
[102.6 (1)°], C(29) [103.0 (1)°], C(41) [average 104.8°],
C(42A) [101.9 (2)°], C(42B) [104.2 (6)°], and C(43) [av-
erage 105.4°]) are all significantly smaller than the regular
tetrahedral angle.

Photophysics of ANP and ANPPI in Solution
The photophysical properties of ANP depend on the con-
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Table 111, Least-Squares Planes
A. Best Weighted Least-Squares Planes
plane atoms defining plane equation®
1 C(1), C(2), C(3),C(4), C(5),C(14) —0.8030X — 0.4582Y — 0.3688Z + 8.5733 =0
2 C(7), C(8), C(9), C(10), C(11), C(12) 0.7069.X + 0.4607Y — 0.5367Z — 3.7802 =0
3 C(21), C(22), C(23), C(24), C(25), C(30) 0.7168X + 0.4927Y —0.4933Z — 2.7465 =0
4 C(27), C(27), C(28), C(29) —0.8410X — 0.4425Y — 0.3114Z + 6.9583 =0
B. Deviations (A) of Atoms from Best Planes
atom plane | atom plane 2 atom plane 3 atom plane 4
C(1) 0.001 (2) C(7) —0.001 (2) C(21) 0.006 (3) C(26) 0.000 (2)
C(2) —0.008 (3) C(8) 0.002 (2) C(22) 0.004 (2) C(27) 0.000 (2)
C(3) 0.005 (3) C(9) 0.001 (3) C(23) -0.009 (2) C(28) 0.000 (2)
C(4) 0.003 (2) C(10) —0.005 (3) C(24) 0.000 (2) C(29) 0.000 (2)
C(5) —0.005 (2) C(11) 0.004 (2) C(25) 0.007 (2) H(27) —0.04 (2)
C(14) 0.003 (2) C(12) —0.001 (2) C(30) —0.009 (2) H(28) —0.08 (2)
C(6) —0.074 (2) C(6) 0.021 (2) C(26) 0.030 (2)
C(13) -0.013(2) C(13) 0.038 (2) C(29) —0.063 (2)
H(1) —0.04 (2) H(8) 0.02 (2) H(21) 0.01 (2)
H(2) —0.08 (2) H(9) 0.02(2) H(22) -0.07 (2)
H(3) 0.01 (2) H(10) 0.02 (2) H(23) 0.07 (2)
H(4) 0.04 (2) H(11) 0.04 (2) H(24) —0.04 (2)

@ The equations LX + MY + NZ + D = 0 refer to orthogonal coordinates, where X = 12,6855y + 0.0y — 3.8823z; Y = 0.0x + 8.7576y

+ 0.0z; Z = 0.0x + 0.0y + 16.5895z.

Table IV, Arrhenius Parameters for Thermal Quenching of ANP
Fluorescence

solvent A, s7! E¥, kcal mol™!
MCH-IP 1.5 X 10! 3.8
MCH-D 6.3 X 10!t 5.1

formational arrangement of its two chromophores. Some
control over the molecular conformation can be achieved by
photochemically generating ANP from ANPPI in a rigid glass,
so that the constraints of the solvent cage hold the chromo-
phores in a face to face arrangement. However, as this is not
the normal ground-state conformation, the resulting inter-
chromophore relationships are entirely determined by the
microstructure of the cage and softening of the glass allows
them to move apart.

Earlier measurements3 were made in methylcyclohexane
at 77 K and higher, by absorption spectrophotometry. In the
present work, MCH-D was used because of its very high vis-
cosity. Photodissociation was carried out below 77 K and the
products were then detected by the excitation spectrum tech-
nique, so that the effect of strain on the transmission properties
of the glass (base-line shift) was eliminated. The glass was then
warmed and the spectrum measured to determine the effect
of thermal relaxation and this procedure was repeated until
the solvent was no longer rigid. Some representative results are
given in Figure 3 for which the photodissociation temperature
was 45 K. At this temperature the ANP molecules are locked
in a face to face conformation and the excitation spectrum
shows a very significant shift of the chromophore levels to low
energy as a result of the overlap enforced by the cage. These
shifts are not equal (see Figure 3), so they are not all dominated
by a (repulsive) destabilization of the ground state. Increasing
the temperature of the glass allows the ground state to relax,
progressively, and the energy levels shift upward toward those
of the normal ground-state conformation.

The fluorescence spectrum of ANP in its normal ground
s.ate has been studied previously3'7 and it is associated almost
completely with the anthracene chromophore. As with other
9-substituted anthracenes the fluorescence yield is dependent
on temperature and solvent viscosity.'® The excitation tech-
nique was used to measure this dependence on temperature in
two solvents of different viscosity. The 0,n (n =0, 1, 2, 3) vi-
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Figure 3. Excilation spectra of ANPPIin MCH-D. 1aken at 45 K, after
254-nm irradiation, and higher temperalures. The contribution from
ANPPI is enclosed by curly brackels and the remainder is due to ANP
in various stages of relaxalion.

bronic bands in these spectra were then used as measures of
the fluorescence yield and the results are given in Figure 4.
These results show that the temperature-dependent quenching
of the ANP fluorescence sets in at about 180 K for MCH-I1P
and at about 230 K for MCH-D. The data provide good
Arrhenius plots according to the relation

1/¢s— 1= Aexp(—E¥/RT)

and the values of 4 and E¥* are given in Table 1V.
Additional information can be obtained from measurements
of the fluorescence polarization as a function of temperature.
The results, for the 0,0 and 0,1 bands of ANP in MCH-IP, are
given in Figure 5. They show that the onset of depolarization
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Figure 4, Fluorescence yield of ANP at various temperatures in MCH-D
and MCH-IP. The yields were measured by an excilalion spectrum
technique using the vibronic maxima of 1he anhracene and naphihalene
chromophores. Below aboul 130 K there are appareni changes in the yield,
due 10 broadening effects (0,0: 0,1: 0,2 of 1he anthracene chromophore;
sce text).
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Figure 5. Upper: degree of polarizalion (P) of 1he fluorescence of ANP
in MCH-1P at various temperatures, for the excilalion in the 0,0 and 0,1
bonds of the anthracene chromophore. Lower: degree of polarizalion (P)
of the fluorescence of ANPPI in MCH-IP a1 various 1lemperalures, for
¢xcilation in the 285-nm band of ANPPI.

is at about 120 K. However, below this temperature there is
a significant variation of the degree of polarization'® (P) of the
0,0 band. Between 90 and 120 K P falls, rises to a maximum,
and then drops again with increasing temperature. Over the
same range of temperature there is a change of the line widths
of the bands, greatest for the 0,0 band, which increase below
about 125 K. These are reflected in the peak intensities, shown
in Figure 4. The broadening of the absorption bands below 125
K is a curious feature which reflects an increase in the inho-
mogeneity of the sites available for ANP in the glass, brought
about by some change in the physical properties of the glass.
It is possible that this involves a freezing in of internal rota-
tional motions of the solvent molecules so that the excitation
energies of the ANP molecule are no longer determined by a
time average of the interactions with the solvent molecules.
The polarization measurements therefore clearly indicate
that the onset of ANP molecular rotation, during the lifetime
of the excited state, is at about 120 K. Below this temperature
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Figure 6, Schematic diagram showing pholoisomerization of ANP (righi)
and pholodissocialion of ANPPI (lef1). The 1ransilion moment directions
ol the in-phase (+) and o of phase (—) combinations of the electronic
1ransitions derived from benzene 'Ay, — !By, for the two facing benzene
chromophores in the ANPPI molecule are shown by 1he arrows.

there are more subtle changes which involve the glass structure
in a different way. Unfortunately, very little is known about
the physical properties of glass-forming solvents over a wide
range of temperature, the measurements of Greenspan and
Fischer2® being confined to relatively narrow temperature
ranges. Hilpern et al.2! have determined the viscosity of iso-
pentane between 77 K and room temperature and they found
a sharp change in gradient for the relationship between log
viscosity and reciprocal temperature at about 145 K. They
concluded that at this temperature there is a change in the
mechanism of viscous flow.

The onset of fluorescence quenching of ANP in MCH-IP
is near 180 K while in MCH-D it is about 230 K. In addition,
the onset of the thermal dissociation of the exciplex generated
by irradiation of ANPPI in these solvents occurs at exactly the
same temperature as the onset of fluorescence quenching, It
is evident that there is some common physical property of the
solvent involved in each case and it seems likely that it is the
change in the mechanism of viscous flow, noticed by Hilpern
et al.?! The addition of the more viscous MCH to IP could very
well raise the temperature of this change from 145 to 180
K.

One theory?? of viscosity uses the concept of holes in the
liquid. Perhaps the volume of such holes needs to reach a
critical size before molecular motion into the holes becomes
a significant factor in viscous flow. If so, the average volume
of the hole will depend on the temperature and the tempera-
tures noted above might correspond to the holes attaining this
critical size. As well as the dissociation of the exciplex at these
temperatures it is reasonable that the change in the mechanism
of viscous flow controls the probability of various intramo-
lecular motions which, in turn, govern the radiationless internal
conversion of the electronic excitation energy. Out of plane
motions of the anthracene chromophore would be likely can-
didates in this regard.

Similar polarization experiments were carried out with
ANPPI in MCH-IP and the degree of polarization of the
(exciplex) fluorescence?3 is also shown in Figure 5. P is nega-
tive and depolarization sets in at about 100 K and is complete
by 125 K.

We examine the sign of P first. The absorption of light takes
place in the benzene chromophore system of ANPPI. The two
facing benzene chromophores (see Figure 6) interact and their
energy levels will lie lower in energy than that of the third
benzene chromophore. The two lowest energy maxima in the
absorption spectrum of ANPPI (enclosed by curly brackets
in Figure 3) therefore probably correspond to the in-phase (+)
and out of phase (=) components of the coupled pair. The
transitions to these states have their parentage in the 'A, —
'B», transition of benzene so that the polarization directions
for the pair will be as shown in Figure 6.

The exciplex emission generated by irradiation of the
ANPPI comes from the photodissociated product molecule
ANP.23 As the dissociation occurs in a rigid medium, the
product molecule retains its topochemical relationship to the
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b —

Figure 7, Projection of the ANPPI molecule on 10 the well-developed face
(001) of the crystal.

ANPPI molecule (see Figure 6) and the fluorescence will be
polarized. Its negative P indicates that the emitting transition
moment is orthogonal to the directions in Figure 6, i.e., normal
to the plane of the paper and along the short in-plane axis of
the anthracene chromophore. The polarization ratio does not
have the minimum possible value of — /3, however. This means
that either the emitting moment is not exactly orthogonal to
the absorption moments or there is partial rotation of the
product molecule during its excited state. A combination of
both factors could also be responsible.

The depolarization of the exciplex fluorescence is complete
by 125 K, in contrast to the case of the ANP fluorescence
considered above. The lifetime of the exciplex under these
conditions is about 37 ns, about three times longer than that
for the normal conformation of ANP. Therefore, rotational
diffusion will lead to a more rapid depolarization of the exci-
plex fluorescence, but the difference is not enough to explain
the observed behavior. It seems more likely that the depolar-
ization occurs because the dissociated product is “hot” and
much of its excess energy is dissipated through rotational
motion. In this respect it is perhaps significant that the depo-
larization is complete close to the temperature at which the
onset of rotational motion is observed through the depolar-
ization of the 0,0 band of ANP. Also, the depolarization occurs
over the range of temperature for which line-width changes
in the ANP spectrum were observed, possibly associated with
the internal rotational motions of the solvent molecules,

Measurements of the total fluorescence intensity excited
from the ANPPI at various temperatures reveal that the total
intensity (exciplex plus the dissociated exciplex) is quenched
above about 240 K in MCH-D. It is likely that the main con-
tribution to this quenching comes from the dissociated exciplex
fluorescence, considered above. However, the exciplex fluo-
rescence is also quenched by the temperature-dependent
photoisomerization and the rate of the dissociation of the ex-
ciplex is also temperature dependent, so that the overall fluo-
rescence yield involves a complicated rate expression which
is beyond the scope of the present work. In any case it will be
necessary to carry out time-resolved experiments in the sub-
nanosecond region before a detailed understanding of these
excited-state reactions can be obtained. These are planned and
they should also provide a value for the exciplex stabilization
energy, which, on present evidence, appears to be small.

Absorption by ANP in ANPPI Crystal

The technique?* of generating the photodissociated products
of photodimers and photoisomers in their respective crystals
was used previously? to determine the absorption and fluo-
rescence spectra of ANP in ANPPI. Since then, further
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Figure 8. Absorption by ANP in ANPPI crysial in polarized light for light
incident on 1he (001) face of 1he crystal. (b) is for 1he eleciric vecior b

and (a) is for the electric vector ||a. One se1 of spectra (b, — and a, -- -)
was measured immediately after photodissociation a1 10 K by 290-nm
light. The other set (b, ---,a, — .. —) was measured a1 10 K, after the

cryslal had been taken to about 150 K for a few minutes.

work?5-27 has established that the wavelength used for photo-
dissociation and the temperature of the crystal are very im-
portant experimental variables. In the earlier work, the pho-
todissociation was carried out at room temperature while in
the present work low temperatures (~10 K) were used.

The well-developed face of the ANPPI crystal is (001) and
the projection of the molecule on this face is given in Figure
7. Irradiation of the crystal with ultraviolet light photodisso-
ciates the ANPPI molecule and ANP is the product. This
molecule must then adjust to the constraints imposed by the
ANPPI lattice but it appears that the molecule can adopt a
variety of conformations. The reason for this is probably the
disparity in the sizes of the naphthalene and anthracene
chromophores, so that the position of the former relative to the
latter is not well defined by the lattice. The corresponding
spectra overlap appreciably and a detailed quantitative analysis
of the absorption spectrum is not possible, so we are limited to
a more qualitative discussion.

To illustrate the complexity of the absorption spectrum of
the photodissociation products we show in Figure 8 the spec-
trum obtained after irradiation of a single crystal of ANPPI
with 290-nm light at 10 K, together with the spectrum after
the crystal temperature had been raised to about 150 K for a
few minutes and then taken back to 10 K. The wavelength of
the photodissociating light is on the absorption edge. so the
concentration of ANP molecules is low. In spite of this there
is a thermally induced relaxation which alters the distribution
among the various conformations. In the region of the naph-
thalene chromophore absorption (>30 500 cm™1!), there is an
overall decrease of absorption intensity. However, for the an-
thracene chromophore, the band system with origin at 25 000
cm™~! shows an increase of absorption intensity at the expense
of bands with origins <25 000 cm™". This behavior is in general
qualitative agreement with the thermal relaxation experiments
in rigid glasses described above. We therefore associate the
presence of the naphthalene chromophore absorption with
conformations which have absorption by the anthracene
chromophore displaced the furthest toward low energy.

The behavior, illustrated in Figure 8, varies somewhat from
crystal to crystal, some showing more effects of thermal re-
laxation, some less. This no doubt reflects variations in the
homogeneity of the internal structures of these solution-grown
crystals, so that the data in Figure 8 illustrate qualitatively the



2376

ABSORBANCE (Arb Units)

1 " i L I e 1

24x10° 26 28 30 32
WAVENUMBER (cm™")

Figure 9. Lower: top 1wo curves measured afier irradiation of single crystal
of ANPPI by 254-nm light at 10 K. (a) and (b) correspond 10 clectric
vector parallel to (a) and (b), respectively, for light incident on 1he (001)
lace. Borlom two curves measured a1 10 K, after room temperature irra-
diation with 24 250-cm~! light (arrow) at room temperature. Upper: (a)
and (b) are 1he different specira obtained by subtracting 1he 1wo botlom
curves Irom 1he two upper curves in the bottom panel. The polarizalion
ratio (b/a) is given by the dotied line.

variation in the absorption spectra of the photodissociation
products.

[n addition to changes brought about by thermal relaxation,
it is possible to remove a large fraction of the remaining mol-
ecules photochemically through photoisomerization, leaving
the most relaxed or photoresistant conformations to be studied
separately. The results of this type of experiment are given in
Figure 9. The bottom panel shows the 10 K absorption spectra
immediately after photodissociation at 10 K by 254-nm light,
together with the spectra (at 10 K) taken after the crystal had
been irradiated, at the wavelength corresponding to the arrow
(24 250 cm™"'), at room temperature. The difference spectra
are given in the upper panel and therefore contain the over-
lapping spectra of the readily photoisomerizable conforma-
tions. The presence of more than one conformation is indicated
by the varying polarization ratio, included in the upper panel
of Figure 9.

Let us estimate the expected polarization ratio for the ANP
molecule by assuming a symmetrical dissociation of the
ANPPI molecule to give interplanar contacts of about 3.5 A.
We find that the 'L, band of the anthracene chromophore
should have a b/a ratio of about 4:1, while the 'L, band of the
naphthalene chromophore should have a b/a ratio of about 2:1.
If the interplanar contacts are made less than 3.5 A both ratios
will move toward 3:1.

From Figure 9, upper panel, we see that the 'L, band of the
naphthalene chromophore has a b/a ratio less than 1 and there
are regions of the 'L, band of the anthracene chromophore for
which the ratio approaches 1. The origin of the latter is on the
low-wavenumber edge, near 24 800 cm~!, corresponding to
the most constrained conformation.

The low b/a values can have two possible explanations. They
can arise either because the ANP molecule adjusts to the lattice
constraints by a small rotation (clockwise) about an axis nor-
mal to the plane of Figure 7, or because of a change in the
mechanism of the absorption of light. The latter would be the
result of the interaction between the two chromophores. The
first is unlikely because rotation implies a degree of relaxation,
inconsistent with the requirement of rigid lattice constraint.
We are left therefore with the second explanation.

The most important interaction between the two chromo-
phores comes from orbital overlap, forced by the constraints
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of the lattice. The energy states of each chromophore are then
contaminated by admixtures of charge-transfer states, which
can be either from the naphthalene to the anthracene or vice
versa (highest occupied MO to lowest unoccupied MO in each
case). The incorporation of these charge-transfer states will
have the effect of moving the transition moments for the 'L,
bands out of the corresponding molecular planes. Relatively
small admixtures of out of plane components would account
for the observed polarization ratios.

This explanation is speculative but it is in line with a theo-
retical model2® developed to interpret the fluorescence from
exciplexes and mixed excimers. In this approach the transition
moment matrix elements are couched in terms of localized and
charge transfer transition moments, using first-order pertur-
bation theory. However, it is clear that a detailed theoretical
understanding of the quantitative effects of overlap on the
energy levels and transition moments of ANP will require a
more complex approach. For example, the observed decay time
of the exciplex fluorescence is 80 ns,? about five times larger
than the decay time of the anthracene chromophore emission.
This implies a relatively large admixture of a charge-transfer
state into the emitting state of the exciplex and yet the polar-
ization ratio of the fluorescence (b/a = 1.5) implies a major
in-plane component in the exciplex transition moment. Also,
we can note that the absorption intensity of the 'L, band of the
naphthalene chromophore is relatively larger in the rigidly
constrained ANP than is the case for the relaxed ANP (see
Figure 3). In both cases there are significant changes from the
localized transition properties, as a result of the enforced
overlap, so that the actual electron density changes brought
about by charge-transfer interactions might be outside the
scope of first-order perturbation theory.

The ability to observe the energy levels of the two chromo-
phores under conditions of enforced overlap is a very attractive
feature of the present technique. It is unfortunate, however,
that the orientation of the ANP molecule does not allow a
measure of the polarized intensity along the long axes of the
chromophores, in order to observe the effect of overlap on the
'Ly, bands. In this regard the crystal of the photoisomer of
1,3-di(9-anthryl)propane has a habit and structure which al-
lows discrimination between short and long in-plane molecular
axes. Hydrogenation of one of the anthracene chromophores
atits 1, 2, 3, and 4 positions produces a naphthalene chromo-
phore analogous to ANP. Incorporation of the photoisomer
of this compound into the crystal of the photoisomer of the
dianthrylpropane enables the selective photodissociation of the
former so that the 'L, bands can be measured. These spectra
show that the 'L, band of the anthracene chromophore has its
intensity enhanced through the enforced overlap and the origin
band of the 'L, system has significant long-axis polarization.
On this evidence it is possible that the exciplex emitting state
represents an admixture of 'L, 'Ly, and charge-transfer states.
If this is the case then the long decay time can be seen to be a
result of the importance of the last two states in the exciplex.
This aspect is being pursued at present.

Fluorescence from ANP in ANPPI Crystal

The exciplex nature of the fluorescence from photodisso-
ciated ANPPI was demonstrated earlier.?? In the present
paper we consider, instead, the fluorescence emitted from those
molecules which have relaxed away from the photoisomeri-
zable conformations. The spectra in Figure 10 are then typical
of the absorption spectra of the photostable molecules. There
are two main conformations, one with origin at 25 000 cm™!
and the other with its origin at 25 350 cm™!. The latter is very
close to the position expected for the normal ground-state
conformation of ANP so it is not surprising that irradiation
with light in this region gives rise to structured fluorescence,
characteristic of the anthracene chromophore.
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The range of conformations can be probed by using nar-
row-band excitation to generate a series of fluorescence spec-
tra, When this is done it is found that the features of the fluo-
rescence spectrum change continuously from a structured
spectrum through to a continuous exciplex spectrum as shown
in Figure 10. The range of conformations is determined by the
distribution of sites for the ANP molecules, presumably related
to the concentration gradient through the crystal caused by the
exponential absorption of the photodissociating light. The
greater the concentration the more disruption to the lattice and
larger the relaxation away from the topochemical conforma-
tion.

Each conformation has its individual emission spectrum and
there is no evidence to suggest that equilibration to a common
excited-state conformation occurs. However, there is evidence
(Figure 10) to show that the gap between the electronic tran-
sitions in the absorption and fluorescence spectra widens as the
exciting wavelength moves to lower energy. This indicates that
the molecules relax to energetically more stable positions after
excitation, Most likely this involves a closer approach of the
two chromophores in a partially overlapped face to face con-
formation as this is the only motion allowed by the lattice
constraints; otherwise a common fluorescence spectrum would
be observed,

The stabilization of the excited state is due to the charge-
transfer interaction between the two chromophores and is
therefore directly related to the overlap of the two m-electron
systems. The greater the overlap, the larger the gap and there
is a continuous range of conformations from zero to complete
overlap.

Turning to Figure 10 we note that excitation at 4, 5, and 6
provides a marked change in the fluorescence spectra, even
though these positions are close together, Also, the absorption
maximum at 25 000 cm™! is associated with a group of con-
formations whose emission spectra retain a very broad, red-
shifted structured component (spectra 2 and 3), while spectrum
1 is essentially the true exciplex emission.

The smooth change from structured fluorescence to exciplex
fluorescence, evident in Figure 10, is in qualitative agreement
with overlap dependent charge-transfer nature of the ex-
cited-state interactions, as described by Beens and Weller.28

The gap between absorption and fluorescence spectra points
to a change in the interchromophore separation after excitation
and establishes the charge-transfer contribution to the exciplex
stabilization energy. As the gap widens the vibrational struc-
ture broadens and the Franck-Condon intensity maximum
shifts to the red, The broadening of the structure can, in part,
be described as inhomogeneous broadening, but the shift of
intensity cannot. It points to a change in the nature of the
electron-nuclear coupling in the exciplex. This change is
brought about by an alteration of the electron-density distri-
bution in the exciplex as a result of the charge transfer. The
two chromophores are, of course, closer together in the exciplex
than in the ground state and the significant configuration
coordinate is in the direction from one chromophore to the
other. The energy dependences of the ground and exciplex
states are grossly different along this coordinate; the former
is repulsive while the latter is attractive and the continuous
nature of the fluorescence intensity distribution follows im-
mediately. The electronic transition density change is not,
however, in this direction, although it is likely that there is a
component along this direction as discussed above.
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Figure 10, Fluorescence spectra (1,... 9:left) measured for irradiation
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