
INFLUENCE OF SUBSTITUTION PATTERN ON THE 
BENZENOID TRANSITIONS: 

QUANTITATIVE EVALUATION OF THE ELECTRONIC AND 
VIRRATIONAI, COMPONENTS FROM NEW EXPERIMENTAL 

POLARIZATION DATA 

IkparImcnI of lso~opc Re\carch. The Wcrzmann In\riIuIe of Sclcncc. Rchovor. Irracl 

(Rrceirrd in rhr UK 16 March 1977; kccprrd for puhlirarion 30 March 1973 

Abrtrwt--The mfluencc of substitution on the knccnoid ‘I,. ‘I, and ‘B transitlow is s~udicd by IRK Icchnrquc of 
linear dlchrorsm rn sIreIchcd pol~crhylenc films 

The IoIal inrensiry of Ihe ‘I, sysIem IS resolved into induced and vibrational components and the influence of 
various subsllrution paIIcrns on the magnirudc and polarizaunn of boIh componenrs is analyzed quanIiIaI~vcly. As 
expecIed from IbcoreIical considerauons. Ihe vibrational componcnls Ile the induced inIcnslIy are found IO k 
slrongly affected by Lhe subrtrIuen1 rlrenglh and IRK symmeIry of subsIiIuIion paIIern. The previously acccpIed 
assurnptmn. according IO which the vibratronal inrcnsrty is regarded as a consbn1. appears IO be complcrel) 
UNCahSIiC when dealing wiIh cases of slrong subsIiIucnIs. A salisfactory quan1iIaIivc IrealmenI of both weak and 
sIrong rukuIucnIs usmg Ibe same simple 1hcore11cal approach seems possible only if the ryrIemaIic vanations 
observed in rhc vibrational inIensiIy are MM ncglecrcd. 

A quahIaIrve analysis is giben for Ihc ‘I, and ‘R systems. The rcsulrs are compared wiIh avarlaMc IheoreIical 
predictions and previous cxperunemal &IS. 

Pm&al implications of lbc presenl new erperimcnlal information lo Ik sludy of aromalic oprical aclivily are 
discuxud. 

The theory of Sklar’ and Petruska’ has been widely 
checked with respect IO its predictions regarding the 
intensity of the ‘k system and the frequency shifts of both 
‘I, and ‘L, systems on substitution.‘4 

Much kss experimental data is available for the 
conhrmation of the predictions concerned with the 
directions of polarization imposed by different sub- 
stitution patterns on the benzcnoid transitions. Most of 
the previous polarization measurements have been car- 
ried out on highly symmetric benzene derivatives in the 
crystalline state.“’ Davydov splitting complicates con- 
siderably the interpretation of such data and technical 
problems do MM permit the extending of the measure- 
ments in crystals to short wavelengths. The techniques 
of photoselection and incorporation of molecules in 
stretched polyethylene films were applied only IO the 
special cases of a few mono and pora-disubstituted 
benzene derivatives.‘.‘.” 

The present investigation deals with the use of linear 
dichroism (LD) in stretched polyethylene films for the 
purpose of studying the influence of various substitution 
patterns on the polarization of benzenoid transitions. 
This technique. which has been developed IO a quan- 
titative level in our laboratory.“.‘” provides more subtle 
experimental information. unobtainable from intensity or 
frequency shifts measurements only. It thus becomes 
possibk for the tirst time to analyze Ihe influence of 
substitution on the vibrational intensity of the ‘I, 
system. In addition. the present polar&lion data allow 
the extending of experimenml efforts towards the study 
of the strong ‘L, and ‘B transitions. for which the small 
expected intensity changes could MM hc properly 
measured.‘-’ Utilizing steroids as convenient carrier 
molecules”.‘” II becomes possible for the first time IO 

orient in a known predestinated direction also unsym- 
metrically substituted benzene derivatives and to es- 
tablish their directions of polarization. 

Recent circular dichroic studies of chiral aromatic 
compounds have stressed the importance of knowing the 
directions of the electric transition moments for detcr- 
minations of absolute configuration.” I4 

A new approach to the interpretation of the circular 
dichroism of substituted benzene chromophorc. based on 
accurate polarization data available from l.D 
measurements in stretched polyethylene films. will be 
presented in a following publication.” 

TIwl’MNr OF u) DATA 

A model of orientation which correlates the measured 
dichroic mtio d&A)‘” with two molecular prop&es. the 
orientation parameters / and the angle a between the 
transition moment vector and the molecular axis of 
orientation, has been previously developed.“.‘” 

‘the model may be applied to elongated. disk-like and 
planar shortened molecules. oriented in stretched 
polyethylene matrices.” WC have measured the 1-D 
spectra of a series of substituted benzene dcrivatcs 
incorporated in stretched polyethylene matrices. These 
data, expressed as dichroic ratios. have been used IO 
resolve the UV spectra into components polarized along 
orthogonal directions, related IO molecular 
coordinates. “J’ The resolved spectra thus obtained are 
analyzed in terms of Sklar theory. We follow the method 
of spectroscopic mOments developed by Platt.’ Ac- 
cording to Plait. the transition moment induced by a 
certain substitution pattern is a resultant vector obtained 
by summing the specrroscopic moments induced by each 
subsIituent. 



1. SAGIV 

Assuming the additivity 
intensilies,‘~‘~‘~6 one writes 

I= 1. + 1, (1) 

I, = q*. (2) 

where I, is the vibrdtioti intensity. I, the induced 

intensity. m, the resultant induced transition moment 

vector and I the total transition intensity. The total 

transition intensities are conveniently approximated by 

the maximum extinction coefficients, r(sm). obtained 

from the smoothed extinction curves.’ It follows from 
eqn (I) that: 

of induced and vibrational 

c(sm) = t,(sm) + c,(sm) 

c,(sm) = q*, (3) 

where r,(sm) and r,(sm) are the maximum extinction 

coefficienls obtained from the vibrational and the in- 
duced extinction curves, respectively. 

In general. it is expected that the vibrational and 

induced curves will show a different wavelength depen- 
dence, which may be detected by polarization 
measurements. Experimentally, this fact is revealed by 

the dependence of d, on A. In most of the LD spectra 
measured by us d,, is a strongly varying function of A. 

The dependence of d, on A may be conversely ex- 

pressed as a dependence of a on A.” Since vector 
addition of the induced and vibrational transition mo- 

ments which are polarized in different directions does 
not wcur,’ and since in symmetrically substituted ben- 

7x1~s these directions are well defined by strict selection 
ruks.“’ it follows that a(A) represents in fact only an 

effective angk which reflects the different wavelength 

dependence of the induced and vibrational extinction 

curves. In cases in which r,(sm) =0, a takes on a 

constant value. characteristic of the induced moment 
direction. 

Let us consider the case of a substituted benzene 

where the induced transition moment makes an angle y 

with the molecular orientation axis, which is supposed IO 

lie in the plane of the chromophore. If there are no 
out-of-plane vibrational components and assuming that 
the in-plane vibrational transition moments are con- 

su-ained by symmetry to point only in directions parallel 

or perpendicular to the induced moment,” the following 

equations may be derived: 

c(sm) = c(sm)( + c(sm), (4) 

c,(sm) = c,,(sm) + c,,(sm) (5) 

r(sm)l = r(sm) cos* i = Ic,(sm) + c,,(sm)l cos* y 

+ c,,(sm) sin’ y 

r(sm), = l (sin) sin’& = [c,(sm) + c,,(sm)] sin’ y 

+ c,,(sm) cos’ y (6) 

where r(sm), and c(sm), are the maxima of the 
smoothed extinction curves polarized in directions 
parallel and perpendicular IO the orientation axis, c,(sm) 

and c,,(sm) represent the vibrational components 
polarized parallel and perpendicular IO the induced 
moment direction, respectively. and 1 is an average a 
angJe defined by eqns (4X6).” 

Now, the parameters of interest appearing in eqn (6) 

are of course y. r,(sm), r,(sm) and r,,(sm), but only 
c(sm)l and c(sm), may be directly derived from the LD 

data. 
We have determined r(sm)l and r(sm)_ by the fol- 

lowing method: using the experimental d,,(A) and f 
values, the UV isotropic extinction curves were resolved 
into components polarized parallel and perpendicular to 

the molecular orientation axes. “~“.*’ The total transition 

intensity and the component intensities were compared 
by measuring the integrated extinction coefficients cor- 

responding to each curve. c(sm) was directly estimated 
from the isotropic smoothed extinction curve. while 

r(sm)l and r(sm), were obtained multiplying c(sm) by 
the relative contributions of each component to ok lotal 
integrated transition intensity. This procedure ensures a 

higher accuracy, as only one extinction curve has to be 

smoothed by eye, whik the relative contributions of each 
component are determined by exact integration. II is 

important to emphasize at this point that the polarized as 

well as the isotropic extinction curves were derived from 

the same stretched film sample.” The relative mag- 
nitudes of c(sm), c(sm)t and c(sm), are therefore ob- 

tained from measurements performed on the same 
molecular assembly. Their absolute values however refer 
to measurements of r(sm) in hexane solutions. A direct 

analogy between the spectral properties of molecules 
dissolved in polyethylene and in a liquid hydrocarbon 

solution Seems entirely justifiable in this case. as the 
spectra taken in both media were practically identical. 

The determination of y, r,(sm). c&m) and r,,(sm) 

from the r(sm)l and r(sm)_ values necessitates further 
assumptions. which will be discussed in connection with 

each of the specific examples to be presented in the 
following. 

m=Ms Arm THE hKXEcUAR rXr#??ArKn’ 
1s .sntgXHED FOLYFllrYllhF. 

The LD measurements include I7 compounds con- 
taining different substituted benzene chromophores: 

parudimethylbenzene (P-xylene). porodimcthoxyben- 
zene (DMB), N,N’.N,N’ - tetramethyl - p - phenyknc 

diamine (TMPD). poradimcthyherephthalate (DMTP). 
rranr-p-r-butylcyclohexyl anisate (TBCA). hexamethyl- 

benzene (HMB). 1.3,s~trimethylbenzene (TMB), 1.2.4.5- 
tetramethylbenzene (durene) (see Figs. 2-8). and 9 an- 

drostane steroids with aromatic A or B rings (Fig. I). 
AU compounds were carefully purified by chromato- 

graphic methods, repeated crystallization and zone- 

refining. The LD spectra were recorded at room tem- 
perature with a Guy-15 spectrophotometer purged with 
nitrogen, using the waveplate or the PNP methods.““” 

The first hve compounds and the steroids are classified 

as elongated molecules, TMB and HMB as disk-like 
molecules, and durene may be considered IO fall in the 
group of shortened molccuks.‘Y The axes of orientation 
are, according IO our model, the longitudinal molecular 
axes for the cases of elongated and shortened molecuks 
and (he symmetry axes perpendicular to the molecular 

planes for disk-like molecules. “.I’ 
The preferred conformation of the OMe groups in 

DMB is probably rrarrs. 22 implying that the longitudinal 
molecular axis makes an angk of cd. 20” with the line 
passing through the pm-C atoms. Similar geometrical 
considerations show the longitudinal axis of DMTP IO be 
inclined at an angk of ca. lo” with respect IO the line 
passing through the para-C atoms. Since the deviation of 
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TMPD from exact D, symmetry is probably small.” its Orientation j parameters for HMB and TMB were 
longitudinal axis is considered to pass through the N calculated for a = 90” corresponding to the measured d, 
atoms. vahlcs.” 

The orientation of compounds possessing androstane 
skektons have ken previously establishediJ.‘” (Fig. I). 

The LD spectra of DMR, TMPD, DMTP and TBCA 
show intense ‘I, bands with high d,, values. These bands 
have an allowed character and are supposed to contain 
appreciabk charge-transfer contributions.2bD It is 
therefore reasonable to assume that the maximum d, 
vaiws, which are invariably reached in the O-0 region of 
the ‘L, bands, correspond to single transitions polarized 
along Ore line passing through the par& atoms. This 
assumption allows the orientation j parameters to be 
calculated” (Table I). 

It might be interesting to point out that in the case of 
elongated molecules the j parameters show a clear 
dependence on the molecular length (Table 1). The j 
parameter of HMB has a higher value than that of TMB. 
probably due to the fact the HMB better approximates a 
disk, while TMB has “empty corners’*. 

Spectra resolved into components polarized parallel 
and perpendicular to the molecular orientation axes have 
been obtained using the d,(A) and j values of each 
compound (Figs. s-12 show typical examples of resolved 
spectra). in some cases it appeared convenient to change 
the directions of resolution. in accordance with the 
effective local symmetry of the chromophorc (Figs. 4, 5 
and II). 

The j parameter of P-xykne cannot be obtained 
from the ‘I., band. which still has a forbidden character 
in this compound. WC have observed that in many cases, 
in particular those of weak substitution, the aflowed 
strong ‘B band keeps its degenerate character, being 
polarized in plane with components of approximate equal 
magnitude in each direction. The moderate and constant 
d, value over the entire ‘B band of P-xykne is charac- 
teristic of such a bchaviour. The j parameter of P-xykne 
was thus calculated assuming an angle R = 45” corres- 
ponding to the do value of the ‘B band.” 

Durenc has molecular dimensions similar to those of 
naphthalene. It may be assumed that the orientation in 
polyethylene of both compounds is also similar. Identical 
j values with those of naphthal~ne’~ were adopted as 
orientation parameters for Durene (Table 1). 

The j’s of the steroid compounds have been pree 
viously determined.“.” 

HMB and TMR show no induced intensity and no 
out-of-plane vibrational components, d,(A) assuming a 
constant value over the entire spectrum. This result is in 
full agreement with theory. Although, due to stctic 
strain, HMB is somewhat distorted from perfect planar 
geometry, no out of plane com~nent could be detec- 
ted’” (Fig. 2). It can therefore be safely assumed that all 
the intensity of the ‘I+ and ‘L transitions is vibra- 
tionally borrowed from the strongill band. According to 
eqn (3) 

For HMB and TMB 
lq=o 

c,(sm) = cfsm)’ 
17 

The LD spectra of TMB and HMB show dichroic 
ratios which have constant values, greater than unity. 
This bchaviour is typical of disk-like molecuks oriented 
with their molecular planes parallel to the stretching 
direction of the film and having all transitions polarized 
in plane only’6.B (see Fig. 2, for example). 

The vibrational intensity borrowed from the degenerate 
‘B band has two equal components polarized in or- 
thogonal directions:’ 

For HMB and c&ml = t&m) t r&m) 

TMB r,(sm) = r,,(sm) = &(sm) 
(8) 

7 8 

Br . . . . 

Fig. 1. Rte steroidal benzenes ad their (+ . . ‘. ‘) axes of ~n~t~n in polyetbyknr 
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Fii. 3. Hesolved spectrum of poro-xykne: (,....) lhe isolropic spectrum; (-_) the long axis polarized 
componenl; (-----I lhe shon axis polarized component. 

The small difference between c(smjHMB and c(sm),, 
(Table I) is probably due IO the difference in the number 
of substituents only. 

According IO theory. the induced transition moments 
of the porodisubstituted benzenes (cffectivc Dlh 
symmetry) are polarized in directions perpendicular and 
parallel to the line passing through the para C atoms for 
the ‘I, and ‘L, bands. respectively. Our 1-D measure- 

ments confirm this prediction (see Figs. 3-7). In addition 
to this, the ‘L, band achieves allowed character also by 
mixing with transitions to a charge-transfer stale.*“~m 
The allowed character of the ‘L, band increases with 
increasing strength of the substitucnts.’ 

It follows that the ‘lh band may derive intensity also 

from the ‘I, state and that this contribution must be 
polarized at 90” with the direction of the induced ‘I+ 
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Tabk I. 

Compound f (o,.“o,r’ r’(sm) c,Jsm) f.(sm) f..bml Y’ 8‘ 

TMB 

HMB 

P-xylcnc 

Ihrem 

DMR 

DMTP 

TMPD 

Sterod 1 

Sterord 2 

Steroid 3 

Steroid 4 

Steroid 5 

Steroid 6 

Sleroid 1 

Steroid 8 

Srcroid 9 

TBCA 

-0.12s 

-0.235 

0.244 

I 

0334 

0.438 
0.30 

0.58 

0.22 

0.38 

038 

0% 

0.39 

0.39 

0.39 

0.39 

0.33 

0.39 

0.59 

w-35 
63 

(w-w) 
62” 

(pa”*) 
51.6’ 

(8(p-43O) 
43’ 

(w-39”) 
4O.Y 

(43”-35’) 
MS’ 

(56’~W) 
62” 

(6r-51c) 
63.5’ 

E-58+) 
3r 

t4W-w 
35” 

(39”~29V 
32.5 

(37-w 
4r 

(4PAV) 

190 0 IW 95 

2M 0 _m6 103 

420 ISJ 265 170 

635 33! 300 200 

3120 2705 41s 320 

1670 1233 431 342 

2600 1765 835 740 

220 32 IFa 94 

w 191 249 154 

360 140 zrn 1rn 

2130 1710 420 32s 

1920 1480 450 350 

3360 2510 870 no 

lwr a3u* 730’ 635’ 

720 260 460 365 

690 420 270 175 

‘a-,. ‘I, are the cxtrcmc values of Q over the band. 
‘f(srn) is expressed in units of (cm.molesilirerr ‘. 
‘y and fi are measured rclalivc ro the orientation axes of each compound. 
‘Values cakuk!ed with the spccvoscopic momems dewed from the prevrour compounds in rhis 

Table. 

bC. 

Fir. 7. Resolved spectrum of TBCA; (. ,) rhe isotropic spectrum: (-_) the long axes polarized component; 
(-----j lhc short axis polarized componenl. 

transition moment. We assume that in all pore-sub- substitution, and 
Muted bcnzencs c,,(sm) l fdsm),,,. (IO) 

dsm) = cDn)NH = fdsmh,,. (9) since this part of the vibrational intensity contains con- 
tributions from both ‘B and ‘L. states.m The UV spectra 

since this contribution is borrowed only from the strong 
‘B slate which. in general. does not change draslicidly on 

of the pora-disubstituted derivatives have ken resolved 
into components polarized in directions parallel and 
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perpendicular to the line passing through the pora C 
atoms (Figs. S7). In this case eqns (6) reduce IO: 

From eqns (9). (IO) and (I I) it follows that 

c,(sm) = r,(sm) * r&m) 

c,(sm) = c,,(sm) (II) 

where r,(sm) and c,(sm) are obtained from the curves 
polarized in the directions of the induced momenl and 

perpendicular IO it, respectively. In P-xylene and TYPD 

the longitudinal symmetry axes of the chromophore and 

the orientation molecular axes coincide. SO that c,(sm) - 
c(sm),, r,(sm) = c(sm), and y = 90”. 

r,(sm) = r,(sm) - &(sm),Hw, (I?) 

and according IO eqn (2) the induced transition moment 
of porodisubstitutcd benrenes will be given by 

. 
m = [c.(sm) - L(sm)~wt,l’ _ (13) 

Similar symmetry considerations indicate that eqns (6) 
with y = 0” should be applied IO Ulrenc (Fig. 8). II was 
also assumed that ti(srn)iMH <: er,(sm)l,,,ur.n. < &(sm)r~Hll. 

In the case of aromatic steroids. the plane defined by 
the benzene ring is very nearly identical with the best 
plane of the molecule. Since all benzenoid transitions are 
polarized in plane? and the orientation axis (Fig. I) lies 
in the same plane. “.I’ it becomes possible to resolve the 
UV Spectra of these compounds into components 
polarized along different in-plane directions. The spectra 
of steroids 2 and 6 (Table I) have been resolved along 
directions determined by their local C,, symmetry (3tP 

and W with respect to rhe axis of orientation, as shown 
in Figs. I and I I). All other spectra have been resolved 
into directions parallel and perpendicular to the axis of 
orientation (Figs. 9. IO and I!). 

A somewhat ambiguous situation arises in the case of 
benzene derivatives with low local symmetry (C,). since 
the vibrational intensity of these compounds cannot be 
resolved into independent components, polarized along 
well defined orthogonal directions. However. it proved 
feasible to resolve it into directions keyed to the position 
of the most effective substituent. This approximation is 
compatibk with the observation that in the presence of a 
strong substituent the ‘I., system acquires allowed 
character and hecomes polarized approximately in the 

direction of the bond axis of that substituent. Con- 
sequently, the ‘I+ band should gain vibrational intensity 
in the same direction. In the absence of strong sub 
stituents the vibrational intensity of ‘Li, band, derived 
mostly from the ‘B state, is isotropically polarized in the 
plane of the chromophore (cl Figs. 9 and IO). Fquation 
(6) adapted for the case of aromatic steroids of local C, 
symmetry and having one strong substituent becomes: 

c (sm), _ c(cm) cos’ 1 - c,(sm) cos’ y + r.,(sm) ~0s’ jt 

+ c,,(sm) sin? /3 

r(sm)_ = c(sm) sin’& = c,(sm) sin’ y + r,,(sm) sin’ /? 

t r,,(sm) cos’ B. (14) 

where /.? is an angle defined by the normal IO the bond 
axis of the strong tubstituent and the axis of orientation. 
It is expected that in general. angles y and fi have similar 
values. In aromatic steroids with substitution patterns of 

local C?, symmetry angles y and fl are equal. The 
induced and vibrational intensities presented in Table I 
have been calculated using eqns (I I) for the cases of CZ, 
symmetry. and cqns (14) for the cases of C, symmetry. 
r,,(sm) was estimated, as previously, from the data of 
TMH and HMB. The experimental data of steroids confirm 
this assumption. Spectroscopic moments of individual sub- 
stituents may be determined by the usual vector addition 
scheme.‘. once the resultant m, vectors are known. The 
spectroscopic moments which could be determined from 
the present ID data arc listed in Table 2. One compound, 
TBCA. could not be given a quantitative treatment. as its 
ueak ‘I_+, band is completely masked by the strong red 
shifted ‘1, band. In fact, the ‘L band does not appear at 
all in the isotropic spectrum. IIS position being revealed 
only by the 1-D resolved spectrum (Fig. 7). 

The ‘.I_. sysfem 
The 1.D measurements give the possibility of study- 

ing the polarization changes of ‘L, band on substitution. 
Because of the strong overlap with the ‘H system, no 
quantitative evaluation of spectroscopic moments could 
be achieved. Ficverthelcss, the theory may be tested on a 
qualitative basis. 

The intensity of this initial strong band shows little 
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Fig. I?. Resolved spcctmm of steroid 8: TV I .f the isotropic spectrum; f-f the component polarized paraiiel to 
the axis of orientalion; 6----f the component pohri7rJ perpendicular to the axis of orltntatron. 

change, on a relative scale, for different substitution 
patterns. 

It is expected that substitution will atTcct the ‘R 
system primarily by lowering the cymmctry of the 
chromophore. When the substitution pattern has I&, or 
C2. symmetry, the ‘Et band should split into a pair of 
components. polarized in orthogonal directions.’ The LD 
technique offers a very sensitive tool for detecting this 
dkt. 

The principal new observation that may be made on 
the basis of the results summarized in Tables I and 2 and 
the resolved UV spectra is that the vibrational intensity 
of the ‘Lh band is by no means constant in all benzene 
derivatives.’ * The vibrational intensity is strongly 
influenced by the symmetry of the substitution pattern 
and by the effectiveness of the substituents with respect 
to the ‘L. transition. There is a very clear correlation 
between the magnimde of the allowed component of the 
‘1.. system and the magnitude of the vibrational intensity 
of the ‘Lh system. 

The vibrations intensity of the ‘L, system is 
unequally distributed among vibronic transitions belon- 
ging to different symmetry spcc~es. Those vibrations 
which are effective in mixing the ‘l.h and ‘L. states 
produce enhanced vibronic transitions. Thccc vibronic 
transitions are polar&d in the direction of ‘1, transition. 

In previous studies based on intensity measurements 
of isotropic solutions the vibrational contributions were 
assumed to bc isotropic and of about the same values in 
all types of substituted benzene molecules ’ * While this 
approximation is quite reasonable in cases of weak 
tubsIituents, theory suggests.* and our experimental 
results confirm. its complete inadequacy for the trcat- 
mcnt of subs~ituents producing strong effects. Using the 
LD-derived vibrational intensities we obtaimd quite ac- 
curate spectroscopic moments which are independent of 
the kind of substitution pattern cvcn for strong sub 
stituents like OMe (Table 21. There is only one ex- 
ception; the moments obtained from hobo-disubstituted 
derivatives arc systcmati~~ly lower. Some kind of 

Table 2. 

spectroscopic 
Substitutmn moment 

Subsitutent Pattern kmmil) ” 
-._-_ _I__ 
OCHS 

CH, 

,CH: 
‘CH- 

(‘ti: 

k-t< 
Hr 

OAC 

CCXXX 

NH,):! 

pam4NB 
Steroid 4 
Sterotd 5 
Steroid 6 

pura .nyltnc 
Dtxcnc 
Stcrold 1 

Steroid ? 
Steroid 3 

Steroid K 

Steroid 9 

puru 4MTP 

pore-TMPD 

+I4 
+ I? 

+d 

-10 

-17.5 

-2 

“saturation effect” may account for this bchaviour.” in 
all other cases the variations observed in the moment of 
a certain substituent in different substitution patterns 
remain always within the accuracy of the measurements. 
These observations strongly suggest that previous 
di%cultics. encountered when applying the simple 
concept of independent spectroscopic moments to strong 
substitutents. should be primarily ascribed to the im- 
proper treatment of the vibrational intensity, rather than 
to some neglected second order electronic effects. 

The influence of substitu~n on the ‘I, band may bc 
inferred from the resolved absorption spectra. A quaii- 
tat&c agreement with War theory is always observed. 
Thus. the angles between the directions of polarization 
of the ‘L. and ‘L+ bands arc in general close to 90’. The 
induced component which adds to the initial intensity of 
the ‘L. transition is in all cases prominent in the O-0 
region of the band. 
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The effectiveness of a substitucnt towards the ‘Lb and 
‘L. systems is not always the same. A striking example 
is bromine, which acts as a weak substituent with respect 
to ‘L, system, while it has a strong effect on the ‘I.. 
system. The charge-transfer character acquired only by 
the ‘L. band on substitution’.‘.~ may bc responsible for 
this phenomenon. Unusual strong vibrational com- 
ponents due to such intense ‘I, bands may appear in the 
otherwise weak ‘Ia systems in cases of substituents 
displaying this effect. 

Some “anomalies” and apparent exceptions may bc 
now easily rationalized on the basis of our new ob- 
servations. h’o “exaltation” of the spectroscopic mo- 
ments’ is needed to explain the ahnormal high intensity 
of ‘L,, transition of durene. The enhanced absorptivity is 
due to the vibrational term, as has alternatively been 
proposed.’ The data listed in Tables 1 and 2 show that, 
due to molecular symmetry. the vibrational component 
derived from the ‘L, band is indeed enhanced in this 
case, while the vahre of the CH, spectroscopic moment 
remains normaJm 

The unequal effect of a substituent on the ‘1, and ‘I., 
bands explains the enhancement of the VibrdtionaJ in- 
tensities of steroids 8 and 9 (Table I). In the case of 
steroid 8, the vibrational c,,(sm) component. polarized 
parallel to the C-Br bond axis, is found to be much larger 
than r,(sm). which is polarized at 90” with this direction 
(Table I). If the vihrdtional c,,(sm) component. bor- 
rowed from the intense ‘L. band. were not taken into 
consideration. an induced transition moment polarized 
along the C-Br band axis should be postulated for the 
‘1, system. Such a result is. of course, incompatible with 
theory. 

Finally, the ‘I+ system of TBCA which. according to 
theory, should be very weak,- does not appear at all in 
the isotropic spectrum of this compound. The 1.D spcc- 
trum indicates that the ‘I, system is completely masked 
by the strong ‘L, system. In this case, again, the trends 
manifested by ‘k and ‘I., systems are not identical. ‘L, 
becoming very weak. while ‘L, gains additional intensity 
and shifts to the red. From theoretical 
considerations”“.2”.” It was shown that a low-lying charge 
transfer state is expected to interact with the 1, state in 
bcnrencs pora-substituted with donor-acceptor suh- 
stitucnt pairs. 

The ‘B system 
The strong, allowed ‘B system is much less sensitive 

to substitution than the forbidden ‘L, and ‘L systems. 
The splitting of ‘B systems into a pair of components 
with orthogonal polarizations can be observed only in the 
case of TBCA and DMB. In all other compounds the 
d,(A) values over the ‘B band are quite constant and the 
respective resolved spectra show orthogonal components 
that are degenerate in energy and are of the same order 
of magnitude. The large splitting observed in TBCA. with 
the transversal component shifted to the red (Fit. 7). is 
characteristic of bcnzenes pora-substituted with strong 
donor-acceptor substituent pairs.‘* 

In homo pore-substituted bcnzenes no effect or 
merely a small effect. is ohserved. even with very strong 
substituents. This can be seen in the resolved spectra of 
TMPD, DMTP and DMB (Figs. ti). In DMB the trans- 
versal component is slightly blue shifted. 

Splitting occurs only when the substitution pattern is 
pore. 0themise. even in the presence of strong sub 
stitucnts. the ‘B system remains two-fold degenerate. 

This can be seen in the resolved spectra of the aromatic 
steroids and also from the 1-D spectra of some bcn- 
zoates.” 

The behaviour of ‘B system on substitution suggests 
that intcrsubstituent charge transfer states, which in- 
teract with the ‘B benzcnoid state, may be responsible 
for the splitting in the pore-suhstituted derivatives. 

APRA-ATIOSS W LD DATA TO ME STLDY OF 
AROMATIC mAI. Arnrn 

Knowing the directions of electric dipoles involved in 
certain optically active transitions is often a necessary 
tirst condition for the application of circular dichroism 
(CD) to determinations of absolute configuration in chiral 
aromatic molecules. 

When two or more aromatic chromophores are 
strongly coupled via dipolcdipolc interactions, the 
chirality of their spatial arrangement may bc directly 
deduced from the CD spectrum only if the coupled 
electric moment dipoles arc known.““‘.” 

The rationalization of benzcnoid ‘L and ‘L, Cotton- 
effects originating in inherently symmetric chromophores 
which are only slightly pcrturbcd by their asymmetric 
molecular environments is less straigbtfomard, but also 
in this case no satisfactory method of interpretation can 
be conceived without knowing the directions of the 
respective electric transition moments.“.” As has been 
already pointed out.” estimates of these directions based 
on spectroscopic moments derived from intensity 
measurements do not seem to be sufficiently accurate 
and reliable for the CD studies. Moreover. since the 
induced and vibrational components of the total tran- 
sition intensity may lead to completely different Cotton- 
effectsr’ it is important to have a method of evaluating 
their relative importance. before attempting an inter- 
pretation of the observed CD in terms of one of them. 
0ur linear dichroism method furnishes direct ex- 
perimental evidence concerned with both the directions 
of the electric transition moments, and the magnitudes of 
vibrational components of various substituted hcnzene 
chromophores. 

To estimate the accuracy of the values reported in 
Tables I and 2. let us analyze the main sources of 
error expected in measurements and computations. We 
concentrate on the steroidal compounds which are of 
direct interest in the CD analysis. but similar conclusions 
are expected for the other compounds, as well. The 
ohserved variations in the measured d,, values are within 
a %3R range.” Considering also possible errors in the 
location of molecular axes of orientation (+t”) and in the 
/ values (?O.Ol) caused by small geometrical changes in 
the steroidal skeleton on substrtution.“.‘h.‘2 an absolute 
uncertainty of about ~3’ is estimated for the values of 
angles Q and y. The resulting spectroscopic moments are 
expected to have a relative accuracy of co. 27%. 
However, since further assumptions are involved in the 
derivation of y angles from the experimental data, this 
estimated accuracy is eventually too optimistic. Ap 
parently. the assumed values of /I angles in the low- 
symmetry substitution patterns might constitute sources 
of additional errors. However. comparing the spectros- 
copic moments derived from steroids 4 and 5 (low local 
symmetry, C,) with that derived from steroid fr (local 
symmetry C,,). relative deviations of less than 6% are 
observed (Table 2). We thus conclude that the ap 
proximate nature of some of our assumptions does not 
seem to lead to deviations beyond the limit of experi- 
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mental accuracy. The uncertainties in the values of vi- 
brational components depend on the substitubon pattern. 
and range from 2 10% in chromophores having relatively 
large vibrational components and small induced intensity 
(steroid I). IO values as large as ~40% in cases in which 
the vibrational contributions are small compared with the 
large induced intensity (steroid 6). 

As will be shown in a following paper.” an ahsolule 
accuracy of about ~3” for the values of y angles is 
satisfactory in most applications of LD data IO circular 
dichroism problems, while only estimates of the orders 
of magnitude are necessary for the vibrational con- 
tributions. 
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