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analysis. Moreover, on the basis of the conclusions reached, it is necessary 
to discuss the Berson-Salem hypothesis in terms of electronic configu­
rations rather than one-electron energies. The forbidden crossing of the 
ground state configurations in Figure 1, which is only facilitated In the triplet 
configuration, could be removed by placing one zwitterionic state (of 2op 
or of 2Ci) below the biradical singlet. 

(29) N. D. Epiotis, R. L. Yates, and F. Bernardi, J. Am. Chem. Soc, 97, 4198 
(1975). 

(30) The 3 X 3 Cl procedure within the MINDO/2 approximation overestimates 

The effects of interstate coupling on photophysical prop­
erties of the lowest triplet states of aromatic aldehydes and 
ketones have attracted attention lb~8 to the vibronic spectralb6-7 

and magnetic properties2"5 involving such states. These and 
photochemical reactivity8 are found to depend on 3nir*-3irx* 
interaction and hence in general terms on the energy separation 
Af(W-3TTTT*). 

An example of the sensitivity of triplet state properties to 
3n7r*-37T7r* energy spacing is found in the simple aromatic 
aldehyde p-chlorobenzaldehyde (PCB). The phosphorescence 
vibrational structure2 and magnetic properties4 of this molecule 
show dependence on the energy gap. These properties can be 
explained by interstate mixing that increases inversely with 
the gap. 

In this paper we report the phosphorescence spectra of p-
chlorobenzaldehyde and its deuterated derivatives in meth-
ylcyclohexane (MCH) at 4.2 K. The purpose is to investigate 
the effect of a solid environment on radiationless processes in 
a molecule with closely spaced states. 

In MCH, the lowest energy phosphorescences of PCB can 
be assigned as originating from a predominantly 3mr* state 
(vide infra). Very clo.ely separated from this phosphorescence 
origin, at 44 cm-1 to higher energy, another phosphorescence 
origin is observed with attendant vibronic structure and lifetime 
indicating considerable interstate mixing between the 3nx* 
state and a closely spaced 3 TT* level. The phosphorescence 

the importance of C-H hyperconjugation probably due to the neglect of 
overlap.24 For the case presented here the conformation with fi = 90°, 
7 = 90° tends to be too low in energy compared to the conformation with 
p = 0°, y = 90°. Because of this failure the rotational barrier of our pro­
cedure comes out too large. A reasoning will be given elsewhere.24 

(31) R. Hoffmann, S. Swaminathan, B. G. Odell, and R. Gleiter, J. Am. Chem. 
Soc, 92, 7091 (1970). 

(32) W. J. Hehre, L. Salem, and M. R. Willcott, J. Am. Chem. Soc., 96, 4328 
(1974). 

pattern is very sensitive to intramolecular deuteration. The 
short-lived 3nx*-like emission disappears upon aldehyde group 
deuteration and is regained upon ring deuteration. 

We examine the spectra of selectively deuterated p-chlo-
robenzaldehydes, e.g., PCB-^i (aldehyde hydrogen deuter­
ated), PCB-J4 (ring hydrogens deuterated) and PCE-d$ 
(perdeuterated), to elucidate the origin of the deuterium iso­
tope dependent multiple phosphorescence. We establish that 
the two phosphorescence spectra do not originate from thermal 
population of upper states, aggregation, different PCB ground 
state conformations, or different crystalline phases in the 
matrix. Thus a two site or a single-site two-state model inter­
prets the multiple phosphorescence. However, neither is found 
satisfactory in terms of present theories of radiationless tran­
sition. 

Experimental Section 
PCB (Matheson Coleman and Bell) was vacuum sublimed twice 

and then zone refined (50 passes, 3 cuts, repeated twice). Deuterated 
derivatives were synthesized9"1' by Dr. Ronald Ruden and were pu­
rified by multiple recrystallizations from «-hexane followed by vac­
uum sublimation. A gift of PCB-d\ was also received from Professor 
D. S. Tinti, of the University of California at Davis, and was found 
to give identical results.'2 NMR, Raman, and mass spectral analyses 
of PCB-rfi revealed isotopic purity greater than 99.5%. NMR analyses 
of PCB-</4 reveals 2.5% PCB-d3 distributed approximately equally 
between the two mono ring hydrogen isotopes. There are no detectable 
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are studied in methylcyclohexane polycrystalline matrix at 4.2 K. The phosphorescence is composed of two subspectra at 44 
cm-1 separation in PCB-A5, a low-energy short-lived one ( T ~ 1 ms) and a higher-energy long-lived one (T — 12 ms). Aldehyde 
group deuteration leads to the disappearance of the short-lived emission, while ring deuteration leads to changes in energies 
and relative quantum yields of the two emission systems. Thermal population of an upper state, aggregation, and different host 
crystalline modifications are excluded as origins of the multiple emissions. A two-site model is not directly ruled out experi­
mentally but appears to require an abnormally large intermolecular contribution to the deuterium isotope effect on radiation­
less relaxation processes if the isotope effects on the spectra are to be explained. A two-state model involving an unrelaxed 
upper excited state is proposed. The salient features of this model are: large geometric dissimilarity between the two emitting 
states, and small efficiency for relaxation of the upper state through the lattice phonons. The main difficulty with this model 
is in the latter feature, requiring a weak host-guest interaction so that PCB in methylcyclohexane acts nearly like a relaxed free 
molecule. The deuteration effects are then explained by varying degrees of coupling between the two states as modulated by 
the isotope-dependent energy gap. Thermalization experiments and the details of the phosphorescence of PCB in MCH-rfu 
qualitatively support the model. Either the two site or the two-state model illustrate the inadequacy of current theories of ra­
diationless transitions in molecules with closely spaced states in describing intermolecular contributions to electronic relaxa­
tion processes. 

Journal of the American Chemical Society / 99:18 / August 31, 1977 



5925 

4800 4700 46O0 4500 «00 4300 4200 4100 4000 

Figure 1. Phosphorescence spectrum of PCB in MCH at 4.2 K. Lamp excitation. Oi refers to the origin of the short-lived phosphorescence and O2 to the 
origin of the long-lived phosphorescence. 

amounts of other possible isotopic impurities. PCB-^5 was prepared 
by repeating the preparative procedure9 on PCB-af4. The isotopic 
purity in this case was in the vicinity of 95%. 

Spectra in MCH were recorded for slowly cooled samples, in the 
vapor above liquid nitrogen. Sharp Shpol'skii-type spectra were only 
obtainable for such slowly cooled samples. Rapid cooling gave broad 
spectra. The intensity distribution of the various bands in the spectra 
was independent of the concentrations in the range 1 X 10-5-2 X 10~2 

M. A broad background emission was observed above 5 X 10~3 M, 
probably due to molecular aggregates. AU samples were degassed by 
freeze-pump-thaw cycles and were sealed in thin Pyrex tubes. 

The phosphorescence spectra were recorded by a previously de­
scribed experimental set-up.1314 Excitation bandwidth was 8000 cm-1 

centered around 3200 A, extending into both S|(n7r*) *- So and 
Sj(Lb) •*"- So regions. Identical results were obtained by narrow line 
excitation at 3000 and at 3200 A from a chromatix CMX-4 flash lamp 
excited frequency doubled tunable dye laser or the 3371 -A line from 
a pulsed nitrogen laser. 

Excitation spectra were recorded with an EMI 6256S photomul-
tiplier using a 500 W high-pressure xenon lamp and a Spex 3A M 
monochromator for excitation and monitoring the change in the total 
phosphorescence intensity passed by a 0.3 cm Corning CS 3-72 cut-off 
filter. 

Phosphorescence decay curves were obtained using a variable speed 
phosphoroscope, with the spectrometer set at the O-O region of the 
phosphorescence at a slit width of 200 urn. The signal from the pho-
tomultiplier tube was fed into a Tektronix 502A oscilloscope and 
photographed. The decay curves for the two components were obtained 
photographically from oscilloscope traces using a variable speed 
phosphoroscope. The reported lifetime is the average of five separate 
decays. 

I ntensity variation of the two phosphorescence origins as the sample 
temperature increased was qualitatively studied by repeatingly 
scanning the origin region as the liquid helium evaporated. The ratio 
of the intensities of each origin to its intensity at 4.2 K could thus be 
determined. Alternatively the spectrometer was set at each origin 
wavelength and the intensity monitored as a function of time. At­
tempts to study variation of lifetimes with increasing temperature were 
unsuccessful because of the small lifetime/temperature resolution in 
our experiment. 

Results 

(I) PCB Phosphorescence in Methylcyclohexane Matrix. (A) 
General Features. The Shpol'skii-type quasi-linear phospho­
rescence spectrum of PCB-Zi 5 in slowly cooled polycrystalline 
MCH matrix at 4.2 K is shown in Figure 1. The spectrum was 
taken without the interposition of a phosphoroscope. The origin 
region (Figure 2a) has a moderately strong sharp band (half-
bandwidth 5 cm - 1 , the instrument limited experimental res­
olution) at 24 937 cm - 1 , followed by a stronger sharp band at 
24 893 cm - 1 , a sharp band at 24 832 cm - 1 , and weaker 

4100 4000 

Figure 2. The O-O region of the phosphorescence spectrum of PCB in 
MCH at 4.2 K. See text and Table 1 for alternative assignments. TCHO 
refers to the CHO torsional mode, 6CHO and o.p.CHO refer to the in-
plane and out-of-plane CHO bending modes, respectively: (a) no phos­
phoroscope, N2 laser excitation; (b) with phosphoroscope, lamp excitation. 
See text and Table I for alternative assignments. 
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Figure 3. Synthesized phosphorescence spectra of PCB in MCH at 4.2 K. V(C=O) refers to the carbonyl stretching mode: (a) long-lived phosphorescence; 
(b) short-lived phosphorescence. 

Table I. Vibrational Analysis of the Origin Region of the 
Phosphorescence Spectrum of p-Chlorobenzaldehyde in 
Mcthylcyclohexane at 4.2 K 

};_«.<• 

cm-1 

24 937 
24 893 
24 832 
24 746 
24712 
24 630 

24 557 
24 533 

(24 447) 

Ai-, 
cm"1 

0 
44 

105 
191 
225 
307 

380 
404 

(490) 

ReId 

intensity 

100 
684 
318 
32 
58 

105 

63 
21 
10 

Assignment* 

O2-O 
0 , - 0 
O2-TCHO 
02-<5CHO 
O2-O)CHO 
02-3 X T C H O or O2-

7-CHO-6CHO 
02-2 X 8CHO 
02-5CHO-o)CHO 
02-combination 

" Corrected to vacuum. * Mode designations are: TCHO, aldehyde 
torsion, 5CH0, aldehyde in-plane bend, oiCHO, aldehyde out-of-plane 
wag. ' From either Oi or O2 origins as noted under assignment col­
umn. Parentheses refer to uncertain wavenumber due to band 
broadness. (/ Not corrected for phototube response. 

broader bands at 24 746, 24 630, and down to 24 330 cm"1. 
Some weak bands appear in the region 300-1300 cm"' to the 
red of the origin. The vibrational pattern in the origin region 
is repeated four times at —̂l 715 cm -1 intervals, which corre­
sponds to the *(C=0) symmetric stretching frequency. 

The phosphorescence in MCH decays nonexponentially, 
suggesting two component lifetimes. It was possible to resolve 
two decays 0.9 ± 0.1 and 12 ± 3 ms. The time-resolved ex­
periments reveal that the 24 893 cm"1 band and the 1715 cm"1 

progression built on it have the short lifetime and those vibronic 
bands built on the 24 937 cm"1 band have the long lifetime. 
Thus the phosphorescence spectrum contains two different 
subspectra. This is demonstrated for the O-O band region in 
Figures 2a and 2b, where the unchopped phosphorescence 
using N 2 laser excitation and the slowly chopped phospho­
rescence using lamp excitation are respectively displayed. The 
apparent loss of resolution between Figures 2a and 2b is due 
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Figure 4. The 0-0 region of the phosphorescence spectrum of PCB-rfi 
in MCH at 4.2 K. Lamp excitation. Arrows point to PCB-A5 isotopic im­
purity bands. The vibrations shown for the 0-0 region are repeatedly built 
on n quanta of C(C=O). See text and Table II however for alternative 
assignments. 

to the wider slits necessitated by intensity attenuation caused 
by the chopper. We designate the 24 937 cm"' and the 24 893 
cm"1 bands as O2 and Oi respectively and consider them as 
the origins of the two subspectra. 

(B) Subspectrum II. The long-lived subspectrum, built on the 
24 937-cm"1 origin (O2), is synthesized in Figure 3a by sub­
tracting from the full spectrum those bands attenuated by 
progressively slower chopper seeds. In the origin region (Figure 
2), except for the Oi origin at 24 893 cm"1, all resolved bands 
belong to subspectrum II. Band listings and assignments in the 
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Table II. Vibrational Analysis of the 0 -0 Band Region of the 
Phosphorescence Spectrum of />-Chlorobenzaldehyde-rf| in 
Methylcyclohexane at 4.2 K 

Figure 5. The 0-0 region of the phosphorescence spectrum of PBC-̂ 4 
in MCH at 4.2 K. Lamp excitation. Arrows point to PCB-(Z3 impurity 
bands. The vibrations shown for the 0-0 region are repeatedly built on 
n quanta of »>(C=0). See text and Table III for alternative assign­
ments. 

Figure 6. Phosphorescence excitation spectrum OfPCB-A5 in MCH in the 
Si <- So region at 4.2 K. The upper spectrum is the origin region under 
high gain conditions. 

origin region are given in Table I and are discussed in subse­
quent sections. 

(C) Subspectrum I. The short-lived subspectrum is synthe­
sized in Figure 3b by a similar procedure to the one used in 
synthesizing Figure 3a. The spectrum is simple exhibiting a 
single intense band in the region 0-2000 cm"' to the red of the 
24 893 cm -1 at 23 179 cm - ' ,i.e., separated from Oi by 1714 
cm - '- It can be definitely assigned to the e(C=0) symmetric 
stretching vibration. The same interval is observed in a pro­
gression of three bands (Figure 3b). The only other bands are 
weak. 

(D) PCB-di Phosphorescence. The origin region of PCB-^i 
phosphorescence in MCH at 4.2 K is shown in Figure 4. The 
phosphorescence decays exponentially with a lifetime of 10-12 
ms. The phosphorescence origin lies at 24 943 cm -1, i.e., dis­
placed 6 cm-1 from O2 in PCB-Zi 5. A series of very weak bands 
with frequencies exactly matching those OfPCB-Zi5 phospho­
rescence also appear. Their intensity is accounted for by no 
greater than 1% isotopic impurity. 

The striking feature of the phosphorescence from PCB-d\ 
is that subspectrum I is absent. 

(E) PCB-d4 Phosphorescence. The origin region of the 
phosphorescence is shown in Figure 5. As in PCB-hs two 
subspectra are found resembling those in PCB-h 5. The relative 
intensity, however, of subspectrum II compared to that of 
subspectrum I is substantially reduced, probably by a factor 
of 3 from that in PCB-Zi5. 

P,"' ' ' 

cm -1 

24 943 
24 937 
24 845 
24 776 
24 751 
24 648 
24 581 
24 562 

(24 479) 

Mi,c 

cm -1 

O 
6 

98 
167 
192 
295 
362 
381 

(464) 

ReI 
intensity 

100 
4 

250 
70 
60 
40 
25 
20 
10 

d Assignment* 

0 - 0 
O2-O PCB-Z15 isotopic impurity 
O-rCDO 
0-«CDO 
0-5CDO 
0-3 X TCDO or 0 2 - T C D O - 6 C D O 
0-o)CDO-8CDO 
0-2 X 5CDO 
0 - 5 T C D 0 ( ? ) 

"-J See Table I footnotes. 

The two subspectra are separated by 65 cm"'. The O2-O 
origin lying at 24 980 cm - ' . Subspectrum I is built on a sharp 
origin at 24 918 cm -1. Both subspectra exhibit a 1712-cirT1 

progression of 3-4 e(C=0) stretching modes. 
(F) PCB-ds Phosphorescence. The phosphorescence of 

PCB-^5 in MCH was complicated by isotopic impurities which 
made vibrational assignments difficult. However, the two-
subspectra pattern observed in PCB-h$ could be recog­
nized. 

(II) St**- So Phosphorescence Excitation Spectrum of PCB 
in MCH. The Si *- So phosphorescence excitation spectrum 
of PCB-Zi 5 in MCH at 4.2 K is shown in Figure 6 and is dis­
cussed in a later section. 

Discussion 

(I) Vibrational Analysis of the Origin Region. In order to 
assign the long-lived subspectrum of PCB-Zi5, we turn to the 
origin band region of PCB-rf) phosphorescence shown in Figure 
4. Because of the unique long-lived phosphorescence, vibra­
tional assignments are simpler than for the two-component 
PCB-Zi5 spectrum. 

Four bands appear in the region 0-200 cm-1 to lower 
wavenumber from the origin. These are at 6, 98, 167, and 192 
cm - ' (Table II). The highest energy one is the O2-O band of 
PCB-Zi5 isotopic impurity. The strong band at 98 cm -1 can 
only be assigned to the torsional CDO vibration. The 167-cm-' 
band corresponds to a Raman band at 159 cm -1 and can be 
assigned to the CHO out-of-plane wagging vibration 
oi(CHO).15''6 The band at 192 cm -1 does not match any 
Raman frequency. Despite this discrepency the shifts on going 
to PCB-Zi5, PCB-</4, and PCB-d5 seem to establish this as a 
vibronic band rather than an independent origin, i.e., from a 
site. This band then probably arises from the PhCHO in-plane 
bending mode 5(CHO). 

Returning to PCB-Zi5 the two bands appearing at 100-200 
cm - ' to lower wavenumber from O2 with approximately the 
same lifetime are at 105 and 191 cm -1 (Table I). The assign­
ments are parallel to those made for PCE-di i.e., 105 cm"', 
T ( C H O ) , 191 cm - ' , 5(CHO), respectively. The weak 225-
cm - ' band, which does not match any infrared or Raman 
frequency, is tentatively assigned as a medium shifted 
O)(CHO). However, the possibility of a site band is not com­
pletely ruled out. 

Of the three bands attributed to the CHO group, the tor­
sional mode is the most intense, exceeding the intensity of the 
O2-O band by at least a factor of 3 (Table II). 

The relatively sharp peak at 24 630 cm -1, corresponds to 
02-307 cm - ' , a frequency interval which can be assigned to 
any one of the following: the C-Cl out-of-plane bending vi­
bration observed at 310 cm - ' in the Raman spectrum of PCB, 
the 02-3 X T ( C H O ) frequency expected at 325 cm -1, or the 
02-r(CHO)-5(CHO). However, it shifts to 295 cm -1 in 
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Table III. Vibrational Analysis of the O-O Band Region of the 
Phosphorescence Spectrum of />-Chlorobenzaldehyde-rf4 in 
Methylcyclohexane at 4.2 K 

J1O1C 

cm - 1 

24 980 
24 952 
24915 
24 874 
24 807 
24 763 
24 736 
24 678 

(24 593) 

Ai», 
c m - 1 

0 
28 
65 

106 
173 
217 
244 
302 

(387) 

ReI 
intensity 

100 
250 

5000 
1150 
500 
300 
500 
520 

300 

* Assignment* 

O 2 -O 
Site: 0 | -Oor 0 - 0 ^ 3 impurity 
Oi-O 
02-rCHO 
O2-SCHO 
O2-O)CHO 
O1-SCHO 
02-3 X T C H O or O2-

T C H O - S C H O 
0 2 - 6 C H O - W C H O 

"'J Footnotes as in Table I. 

PC B-rf, and 302 cm -1 in PCB-</4, eliminating the C-Cl mode 
and suggesting a combination of aldehyde group fundamen­
tals. 

Two moderately intense bands appear at 380 and 404 cm - ' 
from O2. The 404-cm_1 band is the weaker one. In PCB-d] 
these bands have shifted to 362 and 381 cm -1 from the origin. 
The large aldehyde deuteration shift of the 404-cm_l band 
allows assignment to combination of the aldehyde-deuteration 
sensitive CHO out-of-plane wagging mode and some other 
mode. The probable interpretation is w(CHO) + 5(CHO) 
based on the close frequency agreement (Tables I and II) and 
the shift to 362 cm -1 in PCB-rfi. The 380-cm-1 band could 
result from two quanta of the aldehyde-deuteration insensitive 
CHO in-plane bending vibration. 

The weak band in the vicinity of 02-500 cm -1 shifts to 464 
cm-1 in PCB-rfi, establishing that it represents a combination 
band in CHO modes. 

(II) Origin of Multiple Phosphorescences. Multiple phos­
phorescences, while rare in low-temperature environments, 
have usually been accounted for by system artifacts, e.g., dif­
ferent solvent phases, aggregation, sites, etc. The anomaly at 
hand is the observed deuterium isotope dependent multiple 
phosphorescence (i.e., subspectra I and II appear in PCB-Z15 
and -d4, but only subspectrum II in PCB-d\). 

The first two bands in the phosphorescence spectrum of PCB 
in MCH were tentatively interpretedlb as split O* origins due 
to a double minimum potential surface for the 3nir* state for 
displacement along the CHO torsional coordinate. In this case 
the -W* [O+] -» So transition is allowed and hence would 
appear like the normal 3mr* -»• So spectrum; the 3nir*[0~] —*• 
So is forbidden and hence vibrational^ allowed for out-of-plane 
modes. The newly acquired intramolecular deuterium isotope 
data are inconsistent with this interpretation. Since ring deu­
teration should have little or no effect on the O* separation, 
the increase in separation of the short and long-lived origins 
from 44 cm - ' in PCH-Z15 to 65 cm -1 in PCB-^4 disfavors this 
model. 

We now examine possible sources of the two observed 
phosphorescence subspectra of PCB-Zis in MCH. 

(1) Thermal Population of an Upper State. Thermal popu­
lation of an upper 3irir* has been suggested for PCB in aro­
matic matrices at temperatures >77 K.2 However, the short 
lifetime of the lower 3mr*-like state and the small Boltzmann 
factor for two states separated by 44 cm -1 at 4.2 K eliminates 
any possibility of population of the upper state. 

(2) Superposition of Monomeric Molecules and Molecular 
Aggregates. A dual emission observed in acetophenone17 has 
been proposed18 to occur by this kind of a mechanism. But the 
invariance of the phosphorescence spectra to concentration 
changes in the range 1 X 1O-5-5 X 1O-3 M is contrary to this 
possibility. Further, the broad spectra observed at higher 

concentration and upon rapid cooling suggest that molecular 
aggregates produce broad rather than sharp bands. 

(3) Two Sites in Which Molecules Have Different Confor 
mations in the Ground State. The two phosphorescences ob­
served for xanthone in 3-methylpentane glass21 are believed 
to be due to different ground state conformations22 for ex­
ample. If this is the case for PCB in MCH, the vibrational^ 
rich long-lived phosphorescence system would correspond to 
a torsionally distorted molecule and the vibrationally simple 
short-lived phosphorescence to a planar, or nearly planar, one. 
The isotope effect on the spectra will be determined by the 
effect on equilibrium between the two conformers. Since the 
torsional frequency observed from the long-lived phospho­
rescence spectrum is 104 cm-1, identical to the 105 cm-1 value 
observed in vapor-phase IR spectra16 (referring presumably 
to an undistorted molecule), the curvatures are similar. Al­
dehyde group deuteration is, therefore, predicted to not im­
portantly affect the conformer equilibrium. Any deuteration 
effects on the spectra should simply lead to nearly identical 
shifts in the two-band systems. The observed deuteration ef­
fects on PCB spectra are then difficult to rationalize by two 
different ground state conformations. 

(4) Molecules Embedded in Two Different Crystalline Phases. 
Benzene exhibits two phosphorescence spectra in the two 
crystalline modifications of cyclohexane.23 Analysis of matrix 
perdeuteration effects and cooling rates on the phosphores­
cence of PCB in MCH and perdeuterio-MCH indicates that 
the phosphorescence spectrum of PCB is highly sensitive to the 
guest-host interaction.14 Two sets of spectra are observed in 
MCH-rfu, one similar to that observed in MCH-Zi 14, the other 
a 37T7r* -» So phosphorescence similar to that observed in ar­
omatic matrices.24 These observations were interpreted as due 
to two crystalline modifications of MCH, the one with the 
smaller gas to crystal shift is stable in slowly cooled MCH-Zi 14, 
the other is stable in slowly cooled MCH-du. 

The important point is that neither subspectrum I nor sub-
spectrum II appear by itself for any cooling rate in either 
MCH-ZJ 14 or MCH-^i4- The implication is that the two sub­
spectra pattern observed in slowly cooled MCH-ZJ 14 is char­
acteristic of PCB molecules in one crystalline modification of 
MCH and is not interpretable as due to PCB in two crystalline 
modifications of the solid environment. 

(5) Molecules occupying different sites, i.e., molecules having 
the same equilibrium geometry but occupying different mi-
croenvironments in their ground state. Ground state sites 
having different energies arising from minor differences in 
crystal fields lead to triplet state molecular ensembles with 
different potential surfaces and consequently possible different 
electronic assignments. 

INDO calculations on benzaldehyde predict the 3n7r* po­
tential curve to have curvature higher than either that of the 
ground and 3irx* states for displacement along the CHO tor­
sional coordinate.22 This is because the n and it* orbitals are 
respectively substantially antibonding and bonding in the 
Cring-Caidehyde bond region. The lowest energy -Vx* potential 
curve is predicted to have the lowest curvature along this 
coordinate. Transferring these conclusions to PCB suggests 
that the 3inr* state should be the most susceptible state to 
potential surface distortion arising from either crystal or 
nonadiabatic vibrational-electronic perturbations. The pre­
dicted state ordering and schematic representation of curv­
atures for a free PCB molecule are illustrated in Figure 7A. 

A two-site model is illustrated in Figure 7B. In this model, 
one of the two geometrically dissimilar lowest energy excited 
states in 3irir*-like. Its minimum energy conformation is dis­
torted along the CHO torsional coordinate, as well as the 
c(C=0) symmetric stretching coordinate relative to the 
ground state equilibrium geometry. This is consistent with the 
strong activity of the r(CHO) mode in subspectrum II. The 
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Figure 7. Schematic p-chlorobenzaldehyde triplet state potential curves 
for displacement along the CHO torsional coordinate illustrating various 
models characterizing the phosphorescence. Curves are drawn symmetric 
about a planar conformation. Oi-O, O2-O refer to the two observed 
"origin" bands discussed in the text: (a) proposed curves for the free 
molecule in the vapor; (b) illustrating two sites — and - - - in crystalline 
methylcyclohexane. The two emissions are from the lowest triplet states 
in each site. 

other state is 3n7r*-like and its energy minimum along the 
torsional coordinate is taken at the ground state geometry in 
agreement with the vibrational analysis of subspectrum I. 

We now proceed to explain the observed deuterium isotope 
effects within the context of a two-site model. The average 
bond length in a free molecule generally decreases upon deu-
teration by 0.002-0.005 A units, i.e., 0.25-0.3%.23 This change 
is not expected to alter the way a deuterated derivative sub­
stitutes in the lattice. Thus both deuterated and undeuterated 
derivatives are expected to occupy identical sites in the matrix, 
each site showing its own deuterium isotope effects. The small 
difference in molecular size upon deuteration will lead to a 
difference in London dispersion forces acting on the molecules. 
This difference is expected to be minimum for the monodeut-
erio derivative and to increase in polydeuterated ones. 

Tudron, Van Pruyssen, and Colson24 have studied site ef­
fects on the triplet lifetimes of mono- and dideuteriobenzenes 
in low-temperature hosts. A small, but consistent, difference 
in the lifetime of the two orientationally dissimilar deuterated 
isomers was observed (1.5 ± 1.5% for CeHsDInCsD6 and 5.3 
± 1.5% for C6HjD in sym-C6H3D3). The isomerization in 
benzene is believed to originate from the distortion of its lowest 
triplet state by vibrational electronic interactions.25 This dif­
ference (in lifetimes) is suggested to arise from intermolecular 
contributions to the isotope effect on excited state lifetimes. 
These intermolecular effects supposedly act upon the radiative 
decay rate.24 

Theoretical models which explain deuteration effects on 
radiative properties of simple molecules emphasize either (1) 
isotope effects on radiationless transition rates26 by increasing 
density of the ground vibrational levels in the vicinity of the 
excited triplet state or by reducing the Franck-Condon factors 
governing intersystem crossing and thereby slowing radia­
tionless transitions, or (2) isotope effects on vibronic matrix 
elements via changes in the nuclear motion27,28 or vibrational 
frequency.29'31 All these models are intramolecular in na­
ture. 

The deuterated benzenes study24 represents a violation of 
these theoretical models, although the magnitude is minor. The 
difference in decay rates in the two sites was found to depend 
on the number of substituted deuterium atoms, i.e., it increases 
on going from benzene-rfi top-dideuteriobenzene. If such an 

effect is operative in the PCB/MCH systems, it is hard to 
understand why the effect of increasing the number of deute­
rium substitutions does not lead to a gradual change in radi­
ative properties as found for benzene. This disappearance of 
subspectrum I in PCB-^i and its reappearance in PCB-d* is 
difficult to explain. This high sensitivity of PCB phosphores­
cence to the "presumed" site geometries necessitates the as­
sumption of a very large intermolecular contribution to the 
isotope effects on radiative properties of the lowest triplet 
state(s). No such abnormally large intermolecular effect has 
been reported nor appears to be justified by existing theories 
of radiationless transitions. 

The 4.2 K phosphorescence excitation spectrum of PCB in 
MCH is shown in Figure 6 for the Si(nx*) •«- So region. For 
the purpose of the discussion in this paper we focus on the or­
igin band at 26 652 cm - ' and the bands 28 and 94 cm"' to the 
blue. Because of the low frequency of these bands they cannot 
be assigned as vibronic transitions.7 We suppose, for the mo­
ment, that these bands correspond to secondary sites, with the 
26 652-cm-1 band as the primary site and generate corre­
sponding site origins in the phosphorescence spectrum. In this 
case, the 94-cm_l band corresponds to the Ch-O phospho­
rescence origin, the 28 cm -1 band to the O]-O phosphores­
cence origin and the 26 652-cm-1 band to the 02-104 phos­
phorescence band. Since the excitation spectrum reflects the 
intensity distribution in the phosphorescence spectrum, the 
intensity of site-generated origins should correspond in both 
phosphorescence and excitation spectra. They do not, however, 
the O]-O phosphorescence line being the most intense of the 
three emission lines whereas its supposed site-generated 
counterpart in the excitation spectrum (the 28-cm_l line) is 
distinctly the weakest. 

The broadness of the 28- and 94-cm_' bands suggests that 
phonon side-band assignment is a more plausible one for these 
bands. Further, upon laser excitation at 3000 A, PCB-/15 shows 
a very weak site emission at 213 cm - ' to the blue of the prin­
cipal site and has an identical two-subspectra pattern. The 
identical spectra from the two sites is evidence that the sub-
spectra themselves are not site generated. 

We therefore conclude that although the multiple site model 
might provide a simple interpretation, neither the observed 
deuterium isotope effect nor the excitation spectrum support 
this model. 

(6) Two Triplet States Arising from a Single Ground State 
Molecular Ensemble. The inadequacy of the two-site model 
forces us to consider a model based on the following assump­
tions: 

(i) The sequence of the zero-order states in the free molecule, 
Figure 7A, is preserved but the spacing is decreased by the 
MCH crystal field. 

(ii) The resultant states are expressed by wave functions 
3X,- = a,"3«7r* + bi^TTir* 

where a, and b, contain both vibrational-electronic and 
host-guest interactions. The electronic wave functions, 3mr* 
and 37r7r*, are considered to be adiabatic and the coupling mode 
is T ( C H O ) . 

(iii) Subspectra I thus originates from a state with 3mr* 
parentage, x\, i.e., a\ » b\, while subspectrum II originates 
from a second state, *2> with 3xir* parentage, i.e., bi » «2-

(iv) Radiationless relaxation between the two triplet states, 
produced via vibronic and crystal field interactions, is slow so 
that the main radiationless channel is through the lattice 
phonons. 

A small internal conversion rate constant might be justified 
by large geometric dissimilarity between the two states, i.e., 
very small Franck-Condon factors and/or the small density 
of vibrational states in the vicinity of the two zero-point lev­
els.32 
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Figure 8. Variation of intensity (in arbitrary units) vs. warm-up time (after 
evaporation of liquid helium) of the two phosphorescence origins of p -
chlorobenzaldehyde in methylcyclohexane. The final temperature is ap­
proximately 10 K. 

Deuterium isotope effects on the spectra can be understood 
in terms of deuterium shifts of the zero points of the two states. 
The 0 - 0 band of the 3nx* -»• So emission of benzaldehyde is 
known to blue shift by ca. 50 cm -1 on aldehyde group deu­
teration,7 while the 0 - 0 bands of the 3xx* -»• So emissions for 
both benzaldehyde7 and PCB14 are not sensitive to aldehyde 
group deuteration. The nir* shift is due to certain aldehyde 
group frequencies strongly decreasing in the excited state 
which do not occur in x* *- x excitation. Thus, this shift may 
be reasonably transferred to aldehyde group deuteration of 
PCB. The result is that the zero-order 3xx* zero-level energy 
will decrease to a near degeneracy with the 3nx* zero level and 
probably will lie just below it. Thus in PCB-Ji, the unique 
emission occurs from the strongly coupled lowest excited level, 
a i ~ b i. Ring deuteration on the other hand will preserve the 
sequence of zero-order states and even increase the spacing 
giving rise to two emissions in PCB-/;5, -J4, and -J5. 

Although this model explains the observed intramolecular 
deuteration effects, it runs into a serious difficulty. Subspec-
trum II corresponds to unrelaxed phosphorescence from an 
excited polyatomic molecule, with many vibrational modes 
embedded in a low-temperature environment. This interpre­
tation represents a violation of Kasha's rule.33 

Fluorescence from upper excited states and higher vibronic 
levels of the first excited states have been observed.34 The 
process of internal conversion and fluorescence combine states 
of the same multiplicity and hence both processes may have 
approximately the same rates. For phosphorescence, however, 
spin forbiddeness requires the internal conversion to occur on 
a millisecond time scale for an upper state emission to be ob­
served. Thus optical radiation from the upper state II neces­
sitates a strong prohibition for radiationless relaxation from 
this state to the lowest electronic state I. Slow radiationless 
relaxation from the upper 3xx* of a closely spaced states sys­
tem was suggested for the case of 5-methyl-l-indanone in n-
hexane at temperatures higher than 20 K.35 The upper state 
phosphorescence appears, and is enhanced, as the temperature 
of the sample rises, suggesting its classification as thermalized 
phosphorescence.2 

In order to test this model the Oi-O and O2-O band in­
tensities in PCB-As were monitored with increasing temper­
ature. The results, Figure 8, show that although the O2-O 

origin monotonically decreases in intensity as temperature 
increases, the Oj-O origin intensity increases before onset of 
decay. Thus the population of 01 initially increases as that of 
O2 decreases. This experiment clearly eliminates thermal 
population of O2. The results are consistent in a qualitative way 
with coupling of the two states through lattice phonons, e.g., 
increasing density of lattice phonon states increases the internal 
conversion probability between state II and state I. Further 
increase in temperature is expected to increase the radiationless 
rate to the ground state. 

Conclusions 
The spectra of PCB/MCH isotopes have been used to 

demonstrate that the multiple phosphorescence of p-chloro-
benzaldehyde in MCH observed at 4.2 K is not due to aggre­
gates or different solvent phases. Although two sites have not 
been directly eliminated, phosphorescence excitation experi­
ments and the large isotopic effects on the radiationless re­
laxations are not consistent with this possibility. It is thus ar­
gued that the two phosphorescences occur from two states 
generated from a single molecular ensemble. A model involving 
slow radiationless relaxation between two triplet states coupled 
by concerted host-guest and vibrational-electronic interactions 
is proposed. In the context of this model, isotope effects are 
largely due to changes in the coupling details through modu­
lation of the energy gap between the zero-point levels in the 
zero-order potential surface. 

The principal difficulty is that the efficiency of the host 
phonon decay channel is postulated to be small. In other words, 
PCB molecules, even in the MCH solid environment, are 
postulated to act nearly like relaxed free molecules, implying 
that the MCH-PCB interaction is small. This is to be con­
trasted to the normal relaxive behavior of PCB in MCH-Ju 
(unique phosphorescence with normal isotope effects), where 
the host-guest interaction, as measured by the larger gas 
crystal shift, is substantial. 

The thermalization experiments are consistent with small 
coupling of the two emitting states through lattice phonons, 
but not unambiguously so. Further experiments similar to those 
in pyrazine36 at lower temperatures than 4.2 K may elucidate 
the details of electron-phonon and spin-phonon radiationless 
channels. Both the suggested multisite and the two-state 
mechanisms suggest inadequacy of models of radiationless 
transitions to describe intermolecular contributions to relax­
ation processes between closely spaced states. 
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Analytical Methods. Hydrogen and nitrogen gases were determined 
by chromatography as described elsewhere.10 Hydrogen peroxide was 
determined by adding eerie sulfate to the solution and determining 
the resulting oxygen by gas chromatography along with the nitrogen. 
Carbonate was determined by a modification of Carpenter's method.'' 
The solution was acidified and warmed to 48 0C for 20 min, then the 
evolved gas passed into a Varian Aerograph gas chromatograph. 
Evolution OfCO2 was, however, not quantitative at low concentrations 
and the method had to be calibrated with known solutions. 

Cyanide was determined as the Ni complex12 or by the chlorami-
ne-T method;13 good agreement was found between the two meth­
ods. 

Ammonia was determined by the Orion ammonia electrode, Model 
95-I0.14 

Formamide was determined as formate after base hydrolysis, using 
thequinaldinium iodide method.15 The difference between the NH3 
content before and after hydrolysis provided a check on the result. 

Cyanate was determined by the amounts of CO2 and ammonia 
formed in acid hydrolysis of irradiated solutions. Its appearance in 
considerable yields was verified by paper chromatography, but this 
did not provide a quantitative determination, since some decomposi­
tion occurred in the acidic chromatographic solution. 

Formaldehyde was determined by the acetylacetone method.16 

Nonvolatile products were determined by descending paper chro­
matography of irradiated K14CN solution on Whatman no. 1 filter 
paper with 1-butanol-acetic acid-water (4:1:5) developer. As the 
solution migrates down the paper, components are held back in strips 
occurring at different fractions R/ of the total distance to the solvent 
front. Positions of the strips were found by placing the paper on an 
x-ray plate. Rj values for numerous compounds are tabulated17 for 
this particular solvent. For further identification, the paper was cut 
into strips and tested with various reagents. After tentative identifi­
cation, authentic samples of the compounds were run for comparison. 
The compounds found and their R/ values are listed in Table 1. For 
quantitative determination, strips were cut out and completely eluted 
with water and the 14C was counted in Aquasol (New England Nu­
clear) on a Beckman liquid scintillation system. 
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Abstract: Dilute KCN solutions, irradiated with y rays in the presence of N2O, give radicals CONH2 which react quantitative­
ly by disproportionation to yield equal amounts of cyanate and formamide. In the absence of N2O, the radicals CONH2 and 
H2CN are formed and interact to yield a more complicated spectrum of products. 
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