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nuou@I Stark, Zeeman, Zeeman-Stark. and absorption spectra of ks-, Ilad,-. hid2-, and d3-sym-t&zine isotopes 
it has beerr determined that the Iowest observed sin6iet-sin~~t transition (t E" c t ~‘t, assigned in the gas phsse) and 
siqiet-triplet transition (3E” + * Ai, predicted experimcntahy and theoretically) of this molecule are both crystal 
iield split by ot least ca 200 cm-* m the low temperature monoclinic crystal. The obscrvcd sharp crystal origins for 
singlet and triplet regions are assigned to transitions involving one component of the split tE“ and SE“ excited states, 
rcsPeclivelY. From b&-. and ~r~dz-sym-triazine absorption intensity ratios for these transitions, it has been demon- 
strated that the excited state geometry is “quinoidal” (i.e., four long and two short bonds) at $.PK in each excited 
state. 

1. introduction 

Surprisingly little is known about the excited efec- 
tronic slates of sym-triazine ~oflside~ng its size, ap- 
parent simplicity, high symmetry, and importance as 
a prototype molecule for aromatic azines. The fact 
that sym-triazine has a complex and highly forbidden 
low lying gas phase spectrum, degenerate (E”) Si and 
To excited states, a low temperature triply-twinned 
crystal phase, and a dense excited electronic manifold 
has made this a particuiar~y difficult system to study 
and unders~d. These comp~cations, however, render 
sym-triazine especially interesting and important in 
terms of molecular electronic spectroscopy of medium 
size molecules and molecular crystals. 

t This work was reported at Ihe 28th Symposium on hlolcc- 
ular Structure and Spectroscopy, The Ohio State Universi- 
ty, June I l-15. 1973 (see abstract 12). 
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In part I of this series [I ] results were presented 
concerning optical absorption spectra of pure, isotopic, 
and chemical mixed crystals of sym-triazine at 4.2% 

The lowest observed singlet-triplet transition (region 
I: To+So)and the lowest observed singlet-singlet 
transition (region II: S,+So) for the C,, symmetry 
isotopes d$, - and dlif7-sym-triazine wcrc found to 
spiit by 30 and 25 cm-T , respectivefy. For both tfxcse 
features, on the other hand, D,, symmetry isotopes 
hi- and d,-sym-triazine give single absorption lines 
(1-3 cm-t fwhh). Using these data in conjunction 
with published results of earlier workers [Z-8] *, 

arguments were presented which led to assignment 
of these transitions as 3E”+tA; (region I) and 
t E”+ ’ A; (region II). 

In this second paper on sym-triazine we present 
Zeeman, Stark-Zeeman, and Stark experiments 
which were designed to test the hypothesis that these 
transitions involve orbitally degenerate excited states 
in the low temperature (< 213’K) crystal. In the 
process the geonret~ of sym-triazine in the low tem- 
perature monoclinic crystal phase has been ascertained. 

* See. however. Note added in proof, of ref. { 11, 
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2. Experimental 

2. I. Oystal preparation 

Zeeman and Stark experiments were performed 
on crystals grown from the melt at a rate of 1 cm/day 
by conventional Bridgman techniques. Deuterated 
sym-triazines were synthesized in vacua by methods 
described in 1. h3-sym-triazine was obtained from 
commercial sources and purified as previously de- 
scribed. Crystals were cut, oriented, and polished at 
room temperature and were subsequently cooled to 
77OK over a period of about 12 hours [9]. Optical 
quality of these samples at 4.2’K was not particularly 
good due to room temperature crystal imperfections 
(micro-cracks) exaggerated and amplified by stresses 
induced by the triple-twinning which accompanies 
the phase transition at 213°K [lo]. 

2.2. Zeerrrarr apparatus 

Zeeman experiments were carried out at the Francis 
Bitter National Magnet Laboratory (NML) using a con- 
ventional split-core Bitter magnet capable of fields 
up to 100.5 kG. The magnet bore was suificiently 
large to allow samples of up to 2 cm in length to be 
mounted in liquid helium in a magnetic field that was 
homogeneous to better than 1% over the entire sample 
volume. A 2 m Bausch and Lomb spectrograph was 
used to record absorption spectra photographically 
at a dispersion of 2 A/mm. All Zeeman data were 
taken with H perpendicular to the propagation direc- 
tion of the monitoring light beam. The magnetic field 
was calibrated by the staff of NhlL and was found 
to be constant for the duration of experiments re- 
ported below. 

2.3. DC Stark appamtus 

Stark data were obtained with single crystals 
mounted between two highly polished, parallel, stain- 
less steel electrodes. It was soon discovered in the 
course of these experiments that whenever the sample 
was not in good and direct contact with both elec- 
trodes, observed dc Stark splittings were highly variable. 
This effect is probably due to build-up of charge on 
the surface of the sample when “blocking electrodes” 
are employed. The time dependence of a Stark splitting 

can be so severe as to cause the splitting to be reduced 
by a factor of two over a period of one-half hour. 
The initially observed Stark splitting pattern may be 
regained by reversing the applied field. The mecha- 
nism of this charge build-up is not well understood. 
Careful filtering of light used to measure the absorp- 
tion spectrum was found to have little if any effect. 

All dc experiments reported here, however, were 
performed with samples in good contact with both 
electrodes. These experiments yielded highly repro- 
ducible (i 0.2 cm-t) Stark splitting which were 
time independent and varied smoothly and mono- 
tonically with field strength. Stark spectra were re- 
corded on a McPherson 2 m f/17 Czemy-Turner 
spectrograph with corrected optics. Typically this 
instrument was used in 2nd or 3rd order of a 1200 
groove/mm grating (blazed at 7500 A) at a dispersion 
of 1.8 or 1.2 #/mm, respectively. Spectra were re- 
corded on Kodak 103aJI plates as well as photoelec- 
trically with a RCA 8850 photomultiplier tube oper- 
ated in the photon counting mode [9]. 

3. Experimental results 

3.1. Zeenlan experitnetlts 

Fig. 1 shows the absorption spectrum in region 1 
of a 2 cm long single crystal of c+-sym-triazine oriented 
such that H makes an angle of less than 30” with re- 
spect to the crystallographic (low temperature)~ axis. 
There are no indications of any splitting of the high 
field Zeeman pattern into more than three lines, to 
within the spectral slit width of 0.4 cm-l. Patterns 
for H parallel and perpendicular to c were always 
found to be identical in all respects to those obtained 
by direct extrapolation of earlier low field work [4,5] 
to IHI = 1005 kC. At maximum field values the 
center line of the triplet pattern is within 0.2 cm-’ 
of the pattern mid-point. The g value is isotropic and 
equal to 1.93 f 0.1. 

A 2 cm long crystal of d3-sym-triazine was pre- 
pared containing - 15% I33 1 -sym-triazine*. Fig. 2 
presents hiah field Zeeman results on this crysti in 

l In I is described a synthesis of sym-trtiine from starting 

materials with a H:D ratio of I:l. The sym-triazine synthe- 

sized from this mixture has an isotope ratio of 1:3:3:1. The 

mnemonic used for this material is 1331-sym-triazine. 
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da REGION I 
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Fig. 1. Region I absorption spectrum of a 2 cm long crystal of 

dJ-sym-titinc at 4.2’K and at zero and 100.5 kC. For this 
experiment k (propagation vector of the monitoring light 

beam) was perpendiculv to the applied magnetic ficld. H and 
the crystal c axis. and H L c - 30”. The mcasurcd g value 
from this plate was 1.93 i 0.1. 

H = 93.5 kGAUSS 

3460 3450 3440 3430 

WAVELENGTH, A 

Fig. 2. Region I 93.5 kG absorption spectrum of rc 2 cm long 

da-sym-t&ziie crystal containing m 15% 1331.sym-triazine 
at 4.?K. In these experiments k 1 H, c and H I c or H Ilc as 

indicated. The pronounced structure on the red side of each 

line is due tc guest-guest and guest-host perturbed features 

arising from the heavy loading of isotopic impurities in this 

sample. 

L 

4: 93.5 kG 

k 

,si HI= 93.5 kG 

3330 3325 
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Fig. 3. Region II 93.5 kC absorption spectra of 3 5 mm do- 
sym-triazine crystal doped with - 1%/1r~-sym-tri~1zinc at 4.1”K. 

In these experiments k IH. c and H II c or H Lc 3s indicated. 

Again, red guest-guest perturbed features arc evident. 

region 1 with Hllc and Hlc. High field spectra are 
complicated by red host-guest and guest-guest per- 
turbed absorption features present at zero field [I .9]. 
Zeeman patterns for nil lines of all isotopes arc iden- 
tical for region I. 

On the same exposures used to record the spectra 
of d3-sym-triazine as presented in figs. I and 2, region 
iI (St+So) absorptions of&$ -.1r2Cr, -, and h3-sym- 
triazine species were also obtained. No evidence was 
observed in these experiments for any Zeeman effect 
whatsoever on region 11 absorptions - including Djh 
symmetry species. The spectral slit width in these ex- 
periments was 0.4 cm-t. Fig. 3 presents the results 
of a 100.5 kG (HIIc and Hlc) Zeeman experiment 
on region II absorptions of a d3-sym-triazine sample 
which was doped with 4%h3-sym-triazine. We the 
region I (TO’S,) transition of this crystal showed 
perfect MI c and H lc Zeeman patterns, again, abso- 
lutely no Zeeman effects (either splittings or broad- 
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hs REGION Jl 

H-O I+,= 93.5 kG 
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Fig. 4. Region II absorption spectra of 0.5 mm hs-sym-triazine 

crystal at zero and 93.5 kC (Hilt) at 4.2’K. Careful esamina- 
tion of the photographic plates from which this data was 

drawn reveals no indication of any effect of the magnetic 

ticld upon the region II absorption line. 

enings) were observed on any of the region II absorp- 
tion lines. Fig. 4 gives a similar densitometer trace of 
a photographic pla!e obtained with Hllc in region II 
on a 0.5 mm thick 1r3-sym-triazine crystal. 

Thus it appears that the large region IL Zeeman 
splitting reported by Hochstrasser and Zewail [4] * 
does not exist. Line shape analyses of high field Zee- 
man data, when compared to zero field line shapes. 
indicate that the maximum undetectable g value is 
no larger than 0.04. 

The recent Zeeman experiments of Aartsma and 
Wiersma [12] confirm the above findings. 

3.2. Stark-Zeeman experiments 

Crossed field dc Stark-Zeeman experiments were 
performed on region I. Fig. S gives a region ! absorp- 
tion spectrum of a 13 X 7 X 1.8 mm h3-sym-triazine 
single crystal with HllclE. The vectors If, E, and c 

l The 1.33 cm-’ splitting at 55 kG, as reported in 141, gives 
g = 052. Recent results obtained by Hochsrnsser and 

Zewail [l I] give a value of g = 0.11 * 0.08. The error 
quoted is one standard deviation; measurements were per- 

formed photoelectically at 4.2OK with a superconducting 
magnet. 

H = 93.5 k GAUSS 

E= 75 kVOLTS /CM 

I 
3453 3455 3457 

WAVELENGTH, A 

Fig. 5. DC Stark-Zeeman experiment on the region I absorp- 
tion of a I3 X 7 X I .8 mm crystal of iI,-sym-triazinc at 4.2-K. 
In thisexperiment klH. E. c;HilclE. 

were perpendicular to k (propagation vector of the 
monitoring light beam) and k was parallel to the long 
axis of the crystal. The sample was in contact with 
both electrodes even at low temperature. At maximum 
attainable electric field strengths (75 kV/cm) all three 
Zeeman absorption lines are split by - 2.6 cm-t, in 
exceLlent agreement with previously reported Stark 
data at H = 0 for region I of h3-sym-triazine [S] . This 
two-field experimental result is then a simple super- 
position of independent Zeeman and Stark perturba- 
tions. 

3.3. Stark experiments 

Fig. 6 presents results of a dc Stark experiment on 
region II absorptions of a d3-sym-triazine crystal con- 
taining - 3% d,h, -sym-triazine and - 4% h3-sym- 
triazine. With Elc at an 84 kV/cm field strength, all 
region 11 features show exactly the same Stark split- 
tings for all isotopes. Note especially both compo- 
nents of the C,, isotope are split. Splittings are all 
3.6 + 0.2 cm-l, again in agreement with h3-sym- 
triazine data of ref. [8). 

On close inspection, high field patterns appear to 
be considerably broader than one might expect based 
on a simple splitting of zero field lines in a homogene- 
ous electric field. To explore this apparent discrepancy 
more fully a new sample (grown at 0.9 cm/day from 
the melt) was carefully oriented, cut, and polished. 
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Fig. 6. M3 Stark experiment on the region II absorption spec- 

trum of a 8 mm d+ym-trhzinc c,ysti doped with - 476 /r~- 

sym-tizine. In this experiment Elc and E. cl&. 

The resultant crystal had the shape of a rectangular 
parallelepiped 2.9 mm thick by 7 mm long by 5 mm 
high. The c axis was along the vertical direction (k S”), 
and crystal thickness was uniform to +- 0.05 mm. This 

single crystti w;1s mounted between two 2.5 cm square 
stainless steel electrodes. The assembly was clamped 
in a teflon holder such that there was intimate and 
even contact with both electrodes over the 7 mm X 
5 mm surfaces. The electrodes were measured to be 
parallel to better than f 0.05 mm at 3OOOK. This 
measurement was repeated on the cold sample mount 
(dripping liquid air) after the spectroscopic experiment 
was completed; electrodes were found tc have retained 
their parallelism and good contact with the sample. 

Even with enough care to eliminate electric Geld 
inhomogeneities, the region I high field splitting pat- 
tern for this setup was considerably broader ihan 
what would be expected for a simple splitting of the I 

zero field line (see fig. 7). Fig. 8 depicts a best fit to 
3455 

- WAVELENGTH . A 
the observed EL = 70 kV/cm splitting pattern with 
two half intensity E = 0 lines separated by an appro- Fig. 8. Best fit to high field 2 line Stark pattern with simpty - 
priate amount. The line width discrepancy is quite clear. split zero field gaussian lines of appropriate zero tield width. 
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h3 hEGlON I 

Fig. 7. DC Stark results on the region I absorption of a 7 mm 

crystal of /#Jsym-uiazine at 42°K. E LC; E. elk. Photo- 

graphic data. 
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Fig. 9. DC Stark results on the region I absorption of 3 8 mm 
clj-sym-triazine crystal which contained - 2Zk~-sym-trhzine 

and - 3%dzitt-sym-triazine. Elc:E, elk; T= 4.2”K. Three 
independent tracings of different artis of the ame exposure 
are presented in the high tield case. 

Another sample, specifically designed to investi- 
gate and document this broadening phenomenon in 
region Il. was prepared from JGghJy purified lr3-sym- 
triazine to which had been added - 2% h, dym- 
triazine. The boule was simultaneously grown with 
the sample discussed immediately above in the same 
Bridgman furnace. A crystal was oriented, cut, pol- 
ished, mounted, and cooled to 4.2”K in exactly the 
same manner as the previous h, sample. Fig. 9 is a 
densitometer tracing of the high field (EL = 70 kV/ 
cm) Stark pattern obtained for this sample; this three 
maxima pattern is for the d3-sym-triazine host T+S, 
absorption. Fig. 10 presents an identical absorption 
structure siniultaneously observed for region JJ 
(Sl Ho) for the 2%h3-sym-ttiazine guest. Fig. 11 
gives this same three component pattern on both 
region 11 features of dZhl -sym-triazine. As was the 
case previously, this isotopic mixed crystal was in 
full and even contact with electrodes throughout this 
experiment. Again the cold electrodes were measured, 
after the experiment, to be parallel to better than 
5 0.05 nun. During the course of aJJ these experiments, 
magnitude of the field applied to the electrodes was 
observed to be constant to within our ability to 
measure it (It 2%). 

h, REGION Il 

E-O 

3331 33’30 3329 3ize 
WAVELENGTH, a 

Fig. 10. DC Stark results of the region II absorption of the 
hJ-sym-tihzine species in a crystal of dJ-sym-triazinc. These 

microdcnsitomelcr traces were taken from the same cspo- 

sure used for figs. 9 and 11. 

4. Discussion 

Jn I it was argued Ulat region II absorption was due 
to JE”+JA, and region I absorption, based on the 
almost perfect one to one correspondence of Clv and 
Dj 
as 9 

absorption data for both features, was assigned 
E”c ‘A,. These crystal assignments were made 

prirnariJy because published Zeeman results [4] on 

I 
3323 3322 3321 3320 3319 

WAVELENGTH, a 

Fig. 11. DC Stark results on the region II absorption of the 
d$zl-sym-Lriazine species in ada-sym-triazime crystal. These 
microdensitometer traces were taken from the same expo- 
sures used for figs. 9 and 10. 



region II demanded that L!,,) # 0; that is, the excited 
state was orbitally degenerate. However, Zeeman data 

reported in this work conclusively demonstrate that 
g G 0.04 (implying (Lz) = 0). Therefore, either these 
transitions involve orbitally non-degenerate excited 
states or degenerate excited states in which the z com- 
ponent of orbital angular momentum is quenched. 
Stark experiments can discriminate between these 
two possibilities. 

of the room temperature crystals. To illustrate this 
point, and explain the data, two limiting cases are 
presented below. 

4.1. Stark results and orbital degerleracy 

In order to use the presented Stark effect data for 
regions I and II to determine the nature and symmetry 
of the excited states involved in these transitions, it 
is necessary to consider, in some depth, the above two 
possibilities. If, as earlier workers have claimed [ 1, 
2-5,8,12-IS], observed Stark effects are due to 
splitting of orbitally degenerate states by an electric 
field applied parallel to the molecular plane (Elc), 
this splitting should be independent of external field 
orientation in the molecular plane. Thus, if E is ro- 

tated about the c axis in the 42°K sym-triazine crystal, 
Stark splitting patterns should be constant*. On the 
other hand, if the transitions in question involve or- 
bitally non-degenerate states, the Stark pattern would 
be highly in-plane angle dependent. There are then 
expected to be considerable changes in Stark splittings 
as the crystal is rotated about the c axis in a constant 
intensity Elc applied field. 

Cuse 1: The room temperature crystal is of reason- 
ably good quality; it may contain microscopic flak, 
fault planes, etc., but all regions of the crystal are 
composed of stacks of molecules whose planes are 
perpendicular to c. Moreover, suppose that all stacks 
of molecules throughout the bulk crystal are in phase, 
such that there is a unique macroscopic direction 
X(Lc), such that any vector passing through a molec- 
ular center, parallel to X bisects a C-N bond. z/2 
from X there is a Y (Xl YlZll c) such that any vector 
pardlel to Y passing through a molecular center inter- 
sects an atom. It is further assumed that the states in- 
volved do not have crystal-fixed electric dipole mo- 
ments in the room temperature site. 

While the above is straightforward, exactly what 
changes in Stark splitting are expected as EL is rotated 
in the molecular plane depend crucially upon quality 

l (i) Such esperimcnts were attcmpred using 3~ fields bc- 

cause sample-electrode contact could not be maintained. 

Large variations, in part due to sample-field rotation dif- 

ficulties and artifacts and in part due to in-plant angJe 

dcpendencc of Stark patterns, were observed. Since it was 

difficult to separate these two effects, we abandoned the 
approach. 

(ii) This assumes that the phase transition does not tilt mo- 

lecular planes so that they arc no longer pcrpendicuhu to 

the stacking direction. Such tilting would introduce an oricn- 

tationd Stark effect of order (1~0s (I), where o is the tilt 

angle. Smce 01 < 2-3’ (ref. [IO]), this effect cannot amount 

to more tbn t%. Further, since the c axis of the R% room 
temperature crystal and the monoclinic low temperature 

crystal coincide [ 101, the c axes of :he three twins also 

When such a crystal passes through the phase transi- 
tion at 213’K [IO] , a dipole moment will be induced 
in each molecule in a unique and crystal fixed direc- 
tion. For each of the three components of the trtply- 
twinned macroscopically ordered sample, molecular 
(site) dipole moments will be aligned along one dis- 
tortion-fixed direction. Since, however, the directions 
of the three twin sections are diposed at 2s/3 to each 
other, the resultant bulk crystal will have an equal 
number of molecules with dipole moments distortion 
aligned in three directions differing by 25r/3 in a plane 
perpendicular to the monoclinic (also R%) c axis. 
With the crystal c axis parallel to the molecular Z (out- 
of-plane) axis, the plane of these dipole moments is 
approximately the molecular (Djh) plane. If it is as- 
sumed that the monoclinic phase (like R%) has 2 mol- 
ecules/unit cell related by inversion or a plane (that is, 
a space group isomorphic to C,), then for each dipole 
oriented along a given direction, there is another orient- 
ed n with respect to it. The resultant “bulk crystal 
dipole pattern” has approximate six-fold symmetry 
and is depicted in fig. 12. A space group isomorphic 
to the C, point group, with particular and seve:e re- 
striction, yields the same results. 

. . 
coincide. 

With an external electric field applied perpendicular 
to a “side” of the resultant “hexagonal” pattern, ex- 
pected Stark patterns contain 3 maxima (fig. I2,8 = 
0”). But with E applied such that it intersects a “ver- 
tex” of this hexagonal array, an apparently “normal” 
2 maxima Stark pattern obtains (fig. 12.0 = 300). 
Figs. 13 and 14 show, respectively, 0 = 0” and 6 = 30” 

E.R. Bernstein and RE. Smalley, Electronic states of 1.3.5.sytn-rrio:ine.II 321 
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Fig. I?. Expected high field Stark pattern for an orbilally non- 
degenerate transition in a “case I” crystal. The hexagonal bulk 
crystal dipole moment pattern is 31~0 shown as discussed in the 
1~x1. The absorption patterns were plotted by computer using 
the formula: 1 = x6_, l,-,exp[-(~-P~)~/lV~], where 
P=scos~co(i)-9+3o)l. I 

computer plotted line shape patterns as a function of 
field intensity. 

Cbse 2: The room temperature cr-stal is so highly 
flawed that stacks of molecuies in various regions of 
the bulk sample have lost all (in-plane) phase relation 
with respect to one another. Although all stack axes 
may still be in the c (2) axis direction, and in-plane 

Fig. 13. Field dependence of the 0 = 0” lineshape. IV = 8, 
r. = 40 (see fig. 12). 

Fig. 14. Field dependence of the 0 = 30” lineshape. IV = 8. 
fo = 40 (see fig. 12). 

ordered domains may exist, there is no macroscopic 
direction which is purely “through bonds” or “through 
atoms”. When such a crystal cools below the phase 
transition, the resultant crystal induced dipole pattern 
is completely random. Fig. 15 presents a computer 
plotted Stark splitting line shape for this completely 
averaged situation. The pattern evidences only two 
maxima even in the limit of arbitrarily high applied 
fields. 

While the rarrdom dipole pattern is invariant with 
respect to rotation of the applied field about the c 
axis, it nonetheless differs from that expected for an 
orbitally degenerate transition in overall splitting, 
width, and line shape. This is clearly seen by com- 
paring figs. 8.12-15. 

DC Stark results reported in section 3 show that 
regions I and II involve orbitally non-degenerate states. 
Observed high field Stark patterns (figs. 9-l 1) are 
precisely those expected for a transition to an or- 
bitally non-degenerate state in a case 1 crystal 0 = 0”. 
A further confirmation that excited states correspond- 
ing to region I and II absorptions of all isotopic spe- 
cies are orbitally non-degenerate comes from the super- 
imposibility of Cav and D3n isotope Stark patterns 
(figs. 6,9-l 1). 
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Fig. IS. Field depcndencc for the averaged (cast 2) lincshape. IV = 8, It, = 40 (see fig 12). 

Since there no longer appears to be any compelling 
and viable alternative explanation for these Zeeman, 
Stark and C,, isotope absorption results, the sym- 
triazine 4.1OK crystal spectra will be assigned on the 
basis that excited states associated with region I and 
II transitions are orbitally non-degenerate. 

4.2. Assignment of region II 

Gas phase absorption [6,16] and fluorescence [17] 
spectra of region II (? 1000 cm-l) have been assigned 
as 1 E”* 1 A;. With the exception of hot bands, both 
crystal and gas phase transitions are quite similar. Par- 
ticularly noteworthy is that h3- and d3-sym-triazine 
origins in both gas and crystal are separated by 118.8 
+ 0.4 cm- l. Also, region II absorption in trioxane 
crystals (see part I) gives virtually identical isotope 
differences. It is thus highly probable that the same 
tE”+ *Ai transition is responsible for the observed 
spectra in all three environments. 

These facts, taken with present Stark, Zeeman, and 
absorption crystal data, make it reasonable to assign 
region II absorption to one component of a crystal 
field split tE”+ ‘Ai transition. 

4.3. lE”+ IA’, spectra of Czv isotopes 

Perhaps the most striking feature of region 11 
spectra of isotopic mixed crystals of sym-triazine is 
the fact that there are two transitions for each C,, 
symmetry isotopic species but only one for each D,, 
symmetry isotope. For deuterated C,, isotopes, 
splitting of the II?” + 1 A’, absorption is 25 .O cm-t 
(see part I). 

A smaller but entirely similar effect has been ob- 
served for the tBzu, 3B,,,* tAlg transitions of ben- 
zene [ 18, 19]_ The explanation proposed to account 
for this “anomalous splitting” of low symmetry iso- 
tope spectra [ 181 is quite convincing and applies 
equally well to sym-triazine. In this explanation, the 
multiplet pattern is seen as a consequence of a crystal- 
field induced, static distortion of the molecule into 
a lower symmetry configuration. Of course, this dis- 
tortion is completely independent of isotopic com- 
position and position of isotopic substitution. As a 
result of such a distortion, the three carbon atoms 
in sym-triaziae. for instance, are no longer equivalent 
The C-H vibrational force constants are, therefore, 
no longer equivalent for the three positions on the 
distorted ring. Substitution of D for H will result in 
a position-dependent change in molecular zero point 
energy. That is, the molecular zero point energy be- 
comes a function of isotopic substitution with respect 
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to the independent crystal induced distortion. Similar 
effects are expected for tsN or l%I.! substitution in 

the molecular ring (see part I). Although magnitude 
of the effect should be less for t3C or tsN due to the 
much smaller relative mass change involved, the change 
in ring (C-N) force constants should be larger than 
for C-H force constants. 

As a result of this zero point energy variation, op- 
tical spectra of the various positional isomers of a 
particular isotope will be displaced relative to each 
other by an amount equal to the difference in the 
zero point energy changes for electronic transitions 
of the isomers. Magnitude of the observed “anoma- 
lous splitting” in spectra of these isotopes is, there- 
fore, arr indirect measure of the magnitude of the 
molecular distortion. If distortions of the ground and 
excited states are similar, only very small splittings 
are expected since the zero point changes in the two 

states tend to cancel. If, however, one of the states is 

particularly susceptible to a distortion in a low sym- 
metry field, zero point differences will not cancel 
and a sizable splitting of the asymmetric isotope ab- 
sorption due to inequivalent positional isomers is ex- 
pected. For convenience we will call this positional 
isomer energy difference in the distorted molecule 

the zero poirrt orienrationai splitrilrg (ZPOS). 
One of the main consequences of Jahn-Teller (JT) 

and pseudoJahn-Teller (PJT) effects is that the as- 
sociated molecular electronic states become very sen- 
sitive to stress applied in certain directions (see, e.g., 
[20] )_ Large ZPOS are therefore expected in spectra 
of asymmetric isotopes for which JT or PJT forces 
are operative. For benzene, the ZPOS is more than 
three times larger in the 3Bl,, state than in the ‘Bz,, 
state [18, 191. The splitting in the triplet state amounts 
to about 7 cm-l for C!,H,D and 14 cm-t for 
pC6H4Dz. This increased susceptibility to distortion 
displayed by 3B, u may well be a direct consequence 
of the strong PJT coupling of this state to the JT ac- 
tive 3Elu [IB, 2l-231. 

In sym-triazine,.ZPOS of the dZhl and dlhz iso- 

topes in region II is more than three times larger than 
the 3B1u and more than an order of magnitude greater 
than the lb_,, state of benzene. Unfortunately these 
benzene data apply only to benzene in the Ci site of 
a benzene crystal, and the corresponding ZPOS in a 
triazine crystal is, of course, unknown. A rough cali- 
bration may be obtained by comparison of the splitting 

of the u6(e2J degenerate ground state benzene crystal 
vibration (3.1 cm-’ j [ 191 with the splitting of v6(e’) 
ground state sym-tri&ine crystal vibration (- 7 cm-l) 
[24] *. In a sym-triazine crystal at 4.2”K one might 
therefore expect a ZPOS in asymmetrical isotopes of 
sym-triazine in a “normal” (non-JT or non-PJT active) 
electronic state to be of the order of twice that of the 
1 B, u s!ate of a benzene crystal, i.e., 2 X (< 2 cm-t) 
< 4 cm-l .** The observed ZPOS of 25 .O cm-1 is 
more than six times larger than one might expect for 
a non-JT or a non-PJT active state. This argument 
then favors assignment of region II to a transition in- 
volving the IE” state which, because of the JT effect, 
is rendered highly susceptible to distortion by asym- 
metric crystal fields. 

4.4. Assigtmerrr of regiojz I 

The fact that the C,, isotopes of sym-triazine show 
region I absorptions s&t by 30 cm-t (see part I) with 
intensity and Stark pattern identical to those of re- 
gion II transitions indicates that the excited state as- 
sociated with region I is even more distortable than 
that of region II. Region I is therefore assigned as one 
componeru of the 3E”+ IA; transition split by the 
low symmetry crystal field. The molecule in a 3E” 
state has probably been rendered highly sensitive to 
such a distortion by the Jahn-Teller effect. 

This assignment is further strengthened by the fol- 
lowing three points: 

(I) The 3E” state is expected to lie lowest, particu- 
larly in the case where t E" is the lowest singlet state 

[91- 
(2) The 3E” state has been assigned to lie lowest 

in the gas as an explanation for no observed phos- 
phorescence under conditions which were ideal for 
its observation [ 171. The 3E” state is directly and 
strongly spin-orbit coupled to the ground state, thus 
providing a uniquely good radiatonless relaxation 

path j13, IS]. 

l The ~6 vibrations of the IWO molecules are only approxi- 
mately comparable. In the lower symmetry of sym-triazine 
the ezg and elu viirations of benzene can be expected to 
be somewhat mixed. 

* l ?his is an upper bound. Benzene in borazine gives A(‘g2u)/ 
A(3B~u) < 0.2 with ZPOS for ‘Bz, still C 4 cm for 
WsD 1251. 
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(3) The 3E” state as the lowest triplet state in the 
solid would explain a quantum yield for phosphores- 
cence of less than 10Mg 19). If 3A;’ were lowest (or 
3A’t, for that matter), it is hard to understand why 
phosphorescence would be so weak. 

4.5. Ceornetol ill rhc 1 E" md 3E” excited slates in 
the crystal 

The observation of only two absorption lines, whose 
intensity differ by a factor of N 2, for each C,” iso- 
tope,drA, and d2111, in the tJE”+ ‘A; transitions, 
suggests that the molecular symmetry in the 4.2OK 
crystal is approximately C, (or, less likely, C,). If 
the simple model for ZPOS postulated in ref. [ 181 
is imposed on sym-triazine, one finds that the lowest 
observed singlet and triplet states must be distorted 
in a sense opposite to that of the 3Blu benzene state 
in a benzene crystal. This is a direct and straightfor- 
ward consequence of the fact -hat for h,d, -sym- 
triazine the lower energy line is more intense, while 
for the frld2-sym-triazine isotope the higher energy 
line is more intense (figs. 6b, 9-1 1 of part 1; see also 
fig. 3 above). Since distortion of the benzene triplet 
has been determined to be “antiquinoidal” (that is, 
two long bonds and four short bonds) [ IS.221 , dis- 
tortion of the lowest singlet and triplet states of sym- 
triazine must be “quinoidal” (four long bonds and 
two short bonds). 

4.4. Location and iderlh’ly of the componerlts of the 
split 1JE” states 

When a degenerate E electronic state is split by a 
crystal field, the J&n-Teller coupling of these states 
is replaced by a pseudo Jahn-Teller coupling that 
diminishes in intensity as the energy separation be- 
tween the components increases. In the limit of very 
large splitting (much greater than the frequency of a 
typical vibrational mode), the two components of an 
Estate can be expected to behave independently as 
well-isolated, adiabatic states of the distorted mole- 
cule. It is quite important, therefore, to locate the 
other component of the E state so that some measure 
may be had of the residual vibronic coupling between 
these states. 

Upon distortion of the D,, molecule to C, sym- 
metry, an E” state will split into two states, one trans- 

forming as A, the other as B in the C, poinr group 
(see fig. 16). The A component of E” wrB mix with 
other D3,, sym-triazine states which transform as A 
in C2 and through this mixing it will obtain El al- 
lowed character polarized uniquely along the y axis 
of the molecule (Ne wilJ continue to use the D,, axis 
system as shown in tig. 16 for this discussion). On the 
other hand, the B state will gain both x and z polarized 
El intensity and will therefore e.xhibit a mixed electric 
dipole polarization. Since region II absorption in sym- 
triazine exhibits - 70% in-plane polarization and - 30% 
out-of-plane polarization [L?] , it would be natural to 
assume that region 11 therefore corresponds to the 
B component of the Estate, The A component can 
be expected to be El polarized mare uniquely In-plane 
and to have an absorption intensity no less than 60-70% 

3 

Fig. 16a. Equilibrium ground state geomctw of sym-triazinc. 

D3h C 2w c2 

Fig. 16b. Correlation between the point groups Dh. Czv and Cz. 
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of that of region II. Of course, both states can exhibit 
magnetic dipole intensity, which would give them an 
apparent mixed El intensity; indeed, the mixed polari- 
zation of region II has been used to assign Ml activity 
to this feature. It is in principle straightforward to 
separate El and Ml intensity patterns by following 
intensity as a function of angle over the sphere. How- 
ever, in a biaxial monoclinic crystal this would be tech- 
nically extremely difficult and probably quite inac- 
curate. It is far from simple to account quantitatively 
for the large effects of linear birefringence away from 
the optic axes of a biaxial crystal [26]. The unique 
choice of an A or B state for region II is not possible 
with the present data. 

The triplet state (region 1) Zeem3n intensity pat- 
tern, as has been previously noted in I and ref. [15] , 
is different than that expected and found for other 
aromatic azines. At II # 0 the r,’ spin component is 
about a factor of 6 more intense than the rX and 5 
spin components. In ref. 1151 it is stated that the 
main azine spin-orbit coupling intensity enhancement 
route (lE’-JE”), which brings radiative intensity to 
in-plane spin components, is suppressed in Djl, sym- 
metry. Any z polarization Or intensity at the origin 
implies an mr*-nrr* spin-orbit coupling and should 
in general be quite small. However, in C-, (or lower) 
symmetry, with relatively large vibronic and crystal 
field mixing, the intensity patterns become much less 
difftcult to rationalize. The dominant rr component 
intensity and the weak TV, ~~ component intensity 
might well arise from a still mostly suppressed (lE’- 
3E”) route and a distortion enhanced (1 A;--3E”) 
route (see fig. 16). If it is assumed that the mechanism 
fcr this pathway involves only spin-orbit coupling, 
then region I can be assigned (based on the Zeeman in- 
tensity patterns) as A in Cl symmetry. However, if 
spin-orbit vibronic coupling is prevalent in this crystal 
field distorted J&n-Teller aciive origin, then either 
A or B symmetry is clearly possible. 

While regions I and II are probably either both A 
or both 6 symmetry site states, it is premature to pick 
one because of difficulty with polarizations and pos- 
sibility of spin-vibronic intensity at the 3E”+ ‘A; 
origin. 

Upon examination of pure crystal spectra it is evi- 
dent *hat the two components .cf lE”+- ‘A’, must be 
separated by at least 198 cm-t. Region Ii1 absorp- 
tion in the pure crystal (see part I) has no obvious 

counterpart in gas phase absorption spectra [6] and 
it is therefore a natural choice for the other compo- 
nent of the crystal-field split IE” state. However, the 
nmin peuk in region 111 does not exhibit an observable 
ZPOS for C,, isotopes [ 1,9 1. This main peak in re- 
gion III, therefore, is not likely the other component 
of the 1E” state. 

The broad absorption in region III may obscure 
the other component of the lE” state. It is also pos- 
sible that peaks higher in energy than region 111 might 
be associated with the other component of the ‘E” 
state (see part I). However, all peaks from 200 to 700 
cm-l higher than region II show isotope shifts which 
are compatible with their assignment to vibrations 
built on the region ll origin 16). The spectrum above 
700 cm-l is too broad and complex for interpretation 
at present. 

With current data, therefore, it is not readily pos- 
sible to locate the other component of the split IE” 
state. It is probable, however, that this other compo- 
nent is split away from the region II origin by at least 
200 cm- 1. Region I also has such a feature 185 cm-l 
to higher energy but these absorptioos are even broad- 
er and more difiicult to analyze than region 111. 

4.7. Sorne inlplications 01 these assigtllnettts 

The single most important difficulty in studying 
sym-triazine in the solid state is that the quantum 
yield for luminescence is so exceedingly small that no 
positively identifiable emission from sym-triazine has 
been detected under conditions which are nearly ideal 
for its observation [9]. In the lowest singlet state, 
some responsibility for low fluorescence quantum 
yield must be borne by the extremely low radiative 
strength of the transition. However, if 3E”c ‘A; is 
the To+, transition, the low quantum yield for 
phosphorescence must be due to a particularly facile 
non-radiative process. There are two possible major 
explanations for extraordinarily active radiationless 
relaxation processes in sym-triazine. 

(I) Distortion of the excited state: It is known 
from ZPOS of C,, isotope features and the Stark 
effect that the excited states involved are measurably 
distorted in the crystal. This distortion can be expected 
to increase the (Franck-Condon) overlap with nearly 
isoenergetic, high quantum number ground state vi- 
brations and thus enhance internal conversion to the 
mnllna ctrrte 
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(2) Spin-orbit coupling routes and radiationless 
transitions: Since regions I and 11 correspond to cays- 
tal field split I&” +‘A; transitions, spin-orbit cou- 
pling rationalizations [13,15] offer a particularly con- 
vincing explanation for lack of emission from sym- 
triazine in the solid state. This explanation requires 
that the 3A’r (mr*)+ *Ai transition lies within the 
1079 cm-t gap between 3E”c ‘A; (region 1) and 
tE”+ IA: (region II) transitions. This is a reasonable 
assumption since: (a) ‘Ai is predicted to be nearly 
isoenergetic with 3E”; (b) the absorption spectrum 
in this region is dramatically broadened just as would 
be expected if the unobserved 3A; state were strongly 
coupled to overlapping 3E” vibronic states in this re- 
gion 1271; and (c) the analogue of the 3A’, c i Ai 
transition is found below the S, state in both pyrazine 
1281 and pyrimidine 128,291. 

It is expected that, as in other azines, absorption 
into any part of the sym-triazine crystal spectrum 
higher in energy than region 11 will form crystal exci- 
tations which rapidly undergo radiationless relaxation 
to the (split) *E” state. Quantum yield for fiuores- 
cence from S, will be quite small since the radiative 
transiticn is so weak and because very strong one- 
center spin-orbit coupling exists between the lE” 
state and the rX, r,, sublevels of the 3A; state. This 
in turn populates; through radiationless relaxation, 
the ?;, T-, sublevels of the 3E” state. But, these sub- 
levels are strongly (and non-radiatively) spin-orbit 
coupled to the ground state [ 13, 151. The abnormally 
low quantum yield of both fluorescence and phos- 
phorescence at low temperature are thereby simply 
explained by this model. At temperatures for which 
the spin-lattice rate constant might compete with the 
7x, ~~ radiationless rate constant to the ground state, 
other mechanisms associated with energy transfer and 
exciton-phonon coupling, tend to limit the radiative 
efficiency of triplet states. 

To the extent that this latter explanation actually 
accounts for the difficulty of observing phosphores- 
cence from sym-triazine, such difficulty can be easily 
overcome, Note that it is the ~a spin component of 
the ?E” state that is radiatively well coupled to the 
ground state. At sufficiently low temperatures such 
that spin-lattice relaxation times are > 1 set, any 
population of the T- sublevel of the 3E” state can be 
expected to have a high quantum yield for phosphores- 
cence. The unfortunate circumstance for sym-triazine 

is that, if the 3Ai (rrs*) state is lower than the 1 E" 
(nn*) state, effectively no population of the rz level 
of 3E” can be expected to result from excitation into 
the singlet manifold. There are, however, at least two 

ways of producing r, population in 3E”: 
Method 1: The zero-field EPR transitions between 

the T= and rX, T” sublevels can be saturated under con- 
ditions of cont’muous UV irradiation at X < 3300 A. 
Populations in these triplet levels will thus be equal- 
ized and radiative quantum yields will go up in propor- 
tion to the increase in radiative transition moment. 
High field Zeeman data show that the relative transi- 
tion moment for the TV as compared to the rX, ry levels 
is - 6 to 1 [3,5,12]. Therefore, a six-fold increase 
in phosphorescence quantum yield is expected with 

this technique. Much larger phosphorescence quantum 
yield enhancements can be obtained by pulsed or 
adiabatic passage techniques which invert the level 
population. 

Method 2: The ~a sublevel of the 3E”(T,) state 
can be populated by direct excitation into the region 
I absorption of a sym-triazine crystal. This technique 
would require a laser, but it is virtually assured of 
success if the foregoing assumptions are correct. The 
enhancement of phosphorescence intensity could be 
many orders of magnitude. 

Of course, the assumptions used above may not 
apply since they are strictly valid only for the D3h 
and to some extent Czv symmetry molecule. In the 
C, symmetry situation actually present in the low 
temperature crystal, the rz spin sublevel may ah.0 be 
spin-orbit coupled to the ground state, in which case 
a more modest enhancement of the overall phospho- 
rescence quantum yield would obtain by direct region 
I excitation. 

There is one piece of experimental data that tends 
to substantiate belief that the above methods may 
work: the phosphorescence (impurity?) excitation 
efficiency for isotopic mixed crystals of sym-triazine 
[9] was observed to be more than a factor of ten 
greater for direct excitation into 3E”+ IA; than for 
excitation into tE”+ t Ai. Excitation experiments 
with high power lasers may therefore be quite fruitful 
in this regard. We plan such experiments with output 
from a doubled or non-linearly mixed dye laser in the 
near future. 
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5. Summary 

Ah data (Stark, Zeeman, Stark-Zeeman, C2v 
isotope absorption) indicate that regions I and II 
must each be assigned as one component of Jahn- 

Teller-sensitized, crystal-field split 3E”+ 1 A; and 
*E”+ IA’, transitions, respectively. From zero point 
orientationa! splittings (ZPOS) for C,,, isotopes it has 
been determined that the excited states associated 
with these transitions in a 4.2OK (monoclinic) sym- 
triazine crystal arc distorted into a quinoidal geometry 
(i.e., two short bonds and four long bonds). 
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