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CONFORMATION ANALYSIS AND ABSORPTION PROPERTIES OF 
ANTHRAQUINONE DYES - A QUANTUMCHEMICAL APPROACH 

UDO QUOTSCHALLA, THOMAS HANEMANN, MICHAEL C .  BUHM, 
and WOLFGANG HAASE 
Institut fur Physikalische Cheniie, Technische Hoch- 
schule, Petersenstr. 20, D-6100 Darmstadt, F.R.G. 

Abs L I . ~ C ~  For a series of anthraquinone dyes the 
excited state properties are discussed as a function 
of the molecular conformation by using semiempirical 
INDO-MO calculations. It is demonstrated that the 
absorption maxima depend on details of  the geometry 
as, e.g. inner hydrogen bridges and different 
substituents at the aromatic framework. In most of 
the cases the transition momerit of the VIS 
absorption band has a strong component parallel to 
the long molecular axis, a result, which is 
important for practical use in display technology. 
The polarization of the electronic transi tiori is 
strongly dependent on the position of Lhe 
substituents at the anthraquinone core and the 
nature of these groups itself, too. 

INTRODUCTION 

Orientational Order 
In display technology guest-host systems with high dye 
order parameters and large dichroisnil - 3 are necessary t o  

achieve a large contrast ratio between the on- and o f f -  
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104 U. QUOTSCHALLA ET AL 

state. This ratio is influenced by the dye’s 
conceriLraLiori arid Lhe value uf Lhe ex LiricLiori coeffi- 
cienL4-6 . In the preserll  work we discuss calculated 

e 1 ec L r 011 i c L rans i L i or1  erie rg i e s o f s e 1 ec Led an t h  ra yu i none 
dyes by using a seiiiieiiipirical MO model iri Lhe 

IriLerniediate NeglecL of Difierential Overlap approxi- 
mation. The knowledge of the crystallographic data7 - 1 1  

o f  some representaLive iiiolecules allows the evaluation 
of common slru~tural features. A comparison of calcu- 
lated values wi th the exper imental data obtained by 

UV/VIS-spectroscopy can lead to a first suggestion of 
possible dye conformations and inner molecular 
structural arrangements. 

A single molecule with internal Cartesian molecular 
axes x, y ,  z can be described by externally fixed device 
axes u, v , w using the Euler angles 8 ,  0 ,  @ (Figure 1 ) .  
For a sufficient description of the statistical 
distribution of all molecular orientations in relation 
to the axes u, v ,  w the orientational distribution func- 

tion f(8, 8 ,  0 )  has Lo be introduced. In the standard 

description of a rieniaLic phase showing axial or more 
realistic cylindrical12 syiiimetry with a director n there 
is only a dependence of  f with the angles 8 and 0 .  The 

orieritational order o f  nematic liquid crystals is in 
general specified by the Saupe order matrix S i ,  with 
i,j = x, y, z .  A diagonalization leads to two indepen- 

dent elements S and D, which iully describe the 
orientational order ( E q .  1 and Z ) 1 3 .  

D = S X X - Y Y  = <0.5,f3sinZ8cos2$3> ( 2 )  
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CONFORMATION ANALYSIS OF DYES 105 

S means t h e  a v e r a g e  d e v i a t i o n  of  t h e  l o n g  m o l e c u l a r  a x i s  

from t h e  d i r e c t o r  arid D means t h e  d i f f e r e n c e  i r i  t e n d e n c y  

o f  t h e  two o r l h o g o n a l  a x e s  of t h e  m o l e c u l a r  f r a m e  t o  

a l i g n  p a r a l l e l  Lo t h e  d i r e c t o r .  F o r  a p p l i c a t i o n  i n  d i s -  

p l a y s  t h e  m a c r o s c o p i c  o r  o p t i c a l  o r d e r  p a r a m e t e r  So p l 3  

is o f  furidainerital i n t e r e s t .  S o p  , measured  by l i n e a r  

d i c h r o i s m  c a n  be described b y  Eq. ( 3 ) ,  where  a 

a n d  13 s p e c i f y  t h e  d i r e c t i o n  o f  t h e  d i p o l e  t r a n s i t i o n  

moment v e c t o r  i n  t h e  m o l e c u l a r  f r ame  ( F i g u r e  1). I f  

D 4 0 t h e  m o l e c u l e s  show m o l e c u l a r  b i a x i a l i t y .  

D i f f e r e n t  t h e o r i e s  c o n c e r n i n g  a s y m m e t r i c  l i q u i d  

c r y s t a l l i n e  o r  d y e  o r i e n t a t i o n a l  d i s t r i b u t i o n  w e r e  

W 

U 

FIGURE 1 O r i e n t a t i o n  of t h e  t r a n s i t i o n  moment M_ i n  

Lhe m o l e c u l a r  C a r t e s i a n  c o o r d i n a t e  s y s t e m  

and  d e f i r i i L i o r i  o f  t h e  m o l e c u l a r  a x e s  x, 
y, z r e l a t i v e  t o  t h e  l a b o r a t o r y  a x e s  u ,  

V J  w .  
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106 U. QUOTSCHALLA ET AL 

developed13, 14.  The introducLion of a biaxiality para- 

meter allows Lo describe the deviation of the potential 
or irieari torque, which is influericed by Lhe solverit14 , 
from cylindrical sytiinieLry. AsyiiiiiieLric subsLituLed 
anthraquinones have Lo be corisidered as dyes with 

molecular biaxiali L y  . Therefore Lhe biaxial order para- 

7 

6 
5 II 

FIGURE 2 Definition of the axes x, z ,  and L, 
labelling scheme in anthraquinone and 
structural features of  the D-series dyes. 

meter D cannot be weglected. Figure 2 shows the used 

molecular axis def irii Lion for anthraquinone dyes, the 
labelling of  the substituents and a general representa- 

tion of the commercial D-series dyes (Merck Ltd., Poole, 
U.K. ) .  In the case of asymmetric substituted anthraqui- 
nones the individual molecular long axis L lies in the 
x, z plane and a difference in the direction of the 

electronic transition dipole moment M and L occurs. 

E 1 ec tr on i c Abs o I* p t i on 
The above mentioned transition moment of absorptioii is 

defined as: 
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CONFORMATION ANALYSIS OF DYES 

r 
107 

(4) 

w( , t and w( 0 )  are the wave functions of the excited and 
the ground state, r is the electronic dipole moiiierit 
operator (Ey. 4). A A - X X  transition is only possible if 
the direct product of the ground state w a v e  function, 
the excited one and the dipole riiomen t operator contairiv 
Lhe totally symmetric represeritation. The transition 
probability is usually characterized by the oszillator 
strength, which is related to the integrated intensity 
of  the absorption band. 

Two of  the transitions in the UV-region of the 
anthraquinone cvre are polarized parallel to the z-axis 
(324, 252nm) and the two others parallel to the y-axis 
(272, 249 nm)39 1 5 .  These four basic electronic transi- 
tions are found f o r  all substituted anthraquinone dyes. 
For simple anthraquinone derivatives with substituents 
like N O z ,  Br, o r  OH some rules concerning the polariza- 
tion of the electronic transition can be given: 
Substitution in a-position ( 1 , 4 , 5 , 8 )  generally leads to 
one or two additional x-nX transitions in the VIS- 
region3 . The polarization of these bands is along Lhe 
z-axis o r  includes a small angle with the z-axis in the 

yz-plane's- 1 7  . The introduction of  substituents iri the 
0-position (2,3,6,7) of  the anthraquinone core results 
in larger angles O related to the z-axis or angle T 

related to the long molecular axis L .  For N-phenyl- 
substituted anthraquinones (D-27, D52M, D-35) (Figure 2) 
the dihedral angle a between the normals perpendicular 
t o  the phenyl ring and the anthraquinone plarie, obtained 
by X-ray single crystal analysisg-11, is about 7 0 " .  The 
value of u in solution is in general unknown and can 
influence the energy of the electronic transition. 
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108 U. QUOTSCHALLA ET AL 

In the crystalline state all a-substituerits with bound 
hydrogen atoms like -OH o r  -NHR form asymmetrical hydro- 
gen bridges with the rieighborilig c a r b o n y 1  oxygen .  A 
dilute solut,iori of these dyes with an assuiiied solvaLion 
synimetry of the neighboring soluLe oiolecules13 in the 
1 .c. iiiaLrix should show a greater tendency in forming a 
eyrimeLrica1 hydrogen bridge as found i n  the gas phase. 
This behavior should be caused by the lack of packing 

effects . 

EXPERIMENTAL 

The calculations, starting from crystallographic data, 
were done by using a semiempirical INDO molecular 
orbital approach's , which has been written to reproduce 
one-electron properties (ionization potentials, elec- 
tronic transition energies) with reliable accuracylg. In 
the subsequent CI-calculations a 1 5 * 1 5  array h a s  been 

used to have acceptable CPU-time. The following data 
were calculated: 

a) The excitation energies calculated by means of 

the above ConfiguraLion Interaction method. 
b) The polarization o f  the transition. The angle t 

was calculated by simple vector geometry using this 
polarization vector and the individual long molecular 
axis. 

c) The oscillator strenghts of the transitions. 

The dyes used f o r  our studies are shown in Table I. 
The long molecular axis of all dyes is defined as the 

straight line between the greatest C-C distance in the 
molecule, except compound ZClA, where the longest C-C1 

distance was considered. Therefore the long axis of the 
dyes with small substituents ( A A ,  ClA, CNA, A2A, HZA) is 
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CONFORMATION ANALYSIS OF DYES 109 

TABLE I Anthraquinone dyes investigated (see also 
Figure 2). 

Dye R 1  R2 R 4  R5 

AA NH2 
C1A c1 
CNA CN 
2C1A H 
A2A NHz 
H2A OH 

H H H 
H H H 
H H H 
c1 H H 
H NH 2 H 

H OH H 
H NH-(p-Et)CsHa D-35 NH- ( p-Et ) C S  H4 H 

D-52M NH- (p-NMez )cS Ha H H H 
D-27 NH-(p-NMez ) c S  H4 H OH H 

nearly identical with the molecular z-axis, whereas f o r  

the dyes of  the D-series an angle of  about 30' between 
the long axis L and the z-axis is observed using 
crystallographic datag-11. The equipment used f o r  the 
measurements in the UV/VIS-region as well as the 
preparation of the guest-host systems were described 
elsewhere20 1 2 1 . 

RESULTS AND DISCUSSION 

Existence of Symmetric Hydrogen Bridge in Anthraquinone 
D-Dyes 
In a series of  calculations the local structure of  the 
inner hydrogen bridge has been investigated. In the 
crystalline state this hydrogen bridge is strongly asym- 
metric, in the gas phase or in solution the asymmetry 
should be reduced. A preference of symmetric hydrogen 
bridges has been suggested first by Pauling22. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

9:
34

 1
9 

Fe
br

ua
ry

 2
01

3 



110 U.  QUOTSCHALLA ET AL 

The optimized bridge disLance is shown in Figure 3 for 
the dye A A .  This arrangement is quite similar to all 
investigated dyes. The O c .  * H-0-  systems show minimal 

energy at a distance of 1 . 2 7  A ,  whereas OC*.H-N- systems 
posses this niiriiiiiuiri at 1 . 3 2  A .  The niosL probable 

hydrogen bridge t y p e  Tor iaola Led an thraquinone dyes 
with 0 c e . N  and O c * * O  disLarices of 2 . 6 2  A arid 2 . 5 1  A is a 

nearly symmetric arrarigeiiierit. of the hydrogen atom 
between the two active centers, the carbonyl oxygen and 
the substituent in the l-position23. The angle at the 

hydrogen bridge is between 1 6 0 "  and 1 7 0 " .  This is in 
agreement with an earlier investigation of some other 
anthraquinone derivatives24 , where the symmetric 
structure was the most probable suggested too. In 

consideration of a dilute dye solution in a 1.c. phase 

A E lev1 
0.14 

0,12 - 
0,1 - 

0,08 . 

0,06 - 
0.04 - 
0.02 - 
0- 

-0,02 

-0.04 

1,2 1.2s 1 3  Is4 1.45 1.35 , 
Distance O...H IA1 

FIGURE 3 Relative energy of  dye AA as a function 

of  the distance OC* H. 

like CB5 or PCH7, the electronic environment around the 

relevant region of interest should not disturb the 

symmetric arrangement of the hydrogen bridge intensely. 
This assumption is supported by the fixed confvriiia L i o r l  
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CONFORMATION ANALYSIS OF DYES 1 1 1  

o f  the i n v o l v e d  ceriters a t  the d y e  c o r e  a n d  a s y m m e t r i c  

s o l v a t i o n '  3 . R e s u l t s  o f  c a l c u l a t i o n s  c o n c e r n i r i g  t h e  

i n f l u e n c e  of t h e  d i h e d r a l  a n g l e  u on t h e  t o t a l  ene rgy  

a re  shown i n  F i g u r e  4 f o r  t h e  d y e  D-52M. A s i m p l e  

p o t e n t i a l  f u n c t i o n  w i t h  a n  e n e r g y  minimum a t  u = 9 0 "  car1 

b e  s e e n .  Remarkable  c h a n g e s  i n  t h e  t o t a l  e n e r g y  o c c u r  a t  

a n g l e s  l o w e r  t h a n  6 0 "  o r  h i g h e r  t h a n  1 2 0 ' '  b e c a u s e  two 

hydrogen  aLviris o f  the Lwo d i f f e r e n t  r i n g s  - the oiie i r i  

p o s i t i o n  2 a t  t h e  a n t h r a q u i n o n e  and  t h e  u L h e r  in 
o - p o s i t i o n  t o  t h e  amino f u n c t i o n  i n  t h e  p h e n y l  r i n g  

( F i g u r e  2 )  - are  c l o s e r  t h a n  2.4 A ( t h e  van der  Waal's 

30 50 70 BO 130 130 150 
Dihedral Angle F1 

F I G U R E  4 R e l a t i v e  e n e r g y  as a f u n c L i o n  o f  d i h e d r a l  

a n g l e  a f o r  d y e  D-52M. 

r a d i u s  o f  one hydrogen  atom i s  1 . 2  A ) .  Then t h e  

r e p u l s i o n  f o r c e s  i n c r e a s e  r a p i d l y  w i t h  i n c r e a s i n g  d e v i a -  

tion from 9 0 " .  The e n e r g y  d i f f e r e n c e  be tween  t h e  c a l c u -  

l a t e d  9 0 "  geomet ry  and  t h e  c r y s t a l l o g r a p h i c a l l y  r e a l i z e d  

7 0 "  c o n f o r m a t i o n g ~ 1 1  i s  a b o u t  0.2 eV ( 2 0  k J / m o l ) .  This 
number. i s  i n  a n  o r d e r  o f  m a g n i t u d e  which c a n  be p r o v i d e d  

IJY p a c k i n g  e f f e c t s .  T h e r e f o r e  a d i h e d r a l  a n g l e  u c l o s e  

t o  9 0 "  i n  t h e  1 . c .  p h a s e  is a r e a l i s t i c  v a l u e .  
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112 U.  QUOTSCHALLA ET AL 

E 1 e c t on i c Trans i t i or1 Pro pe r L i e s 
One main question of interest is the solvent’s influence 
on the electronic density distribution arid one-electron 
energies iri the dye molecule arid the resulting changes 
in the absorption behavior. As the relative dielectric 
constants of the 1.c. phase are always smaller than 10, 
and under the assumption of a rather syniinetric solvation 
by the 1.c. soluLel3 Lhe absorption quantities in the 
gas phase arid in a dilute solution should be comparable. 
Therefore a comparison of  the calculated data with those 
in an anisotropic solvent like CB5 or PCH7 may lead to 
first suggestions concerning the dye structure in a 

guest-host system. In Table I1 the calculated transition 
wavelengths of the dyes are presented together with the 
experimental data in the liquid crystalline phase CBG 
and - sonit: of  Lheni - in PCH725. The comparison shows a 

TABLE I1 Calculated and experimental absorption 
maxima. 

Dye calc. A m a x  [nni] ; exp. A m a x  [nml 

AA 473 475 
A2 A 535 545 
H2A 468 480 
D-35 549 554 
D- 5 2M 537 546 
D-27 578 595 

Dye calc. A m a x  [nm]; exp. CB5 A m a x  [nm] PCH7 A m a x  [nml 

C1A 356 
CNA 375 
2C1A 356 

334 338 
320 316 
318 322 
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CONFORMATION ANALYSIS OF DYES I13 

reliable agreenienL between Lhe calculated and the expe- 
rimental values. In many cases the maximum deviation is 
only about 20 r i m .  Only f o r  the dyes C l A ,  CNA arid 2 C 1 A  

the difference increases up to 50 nm. Other authors 
described deviations between calculated and experimental 
values up to 100 rim or larger15*16*24 using the averaged 
Pauling values for the distances and bond angles22 iri 
dif fererit calculation methods. But in all molecules wi L h  

the above mentioned hydrogen bridge the calculated 
values are lower than the experimental one. Despite of 

t,he semiempirical character of the calculation method 
the difference of the iransition energies can be semi- 
quantitatively explained, because the carbonyl function 
acts as a donor for inner molecular hydrogen bridges. 
This results in a hypsochromic shift26. Small deviations 
from the assumed symmetric inner hydrogen bridge show a 
negligible influence on the position of the main 
absorption band in the VIS-range, whereas larger distor- 
tions t o  shorter or longer Oc..H distances cause a shift 
of the absorption maximum to higher frequencies i.e. 
energies. This is presented for dye AA as an example for 

Absorption Maxima [nm) 
480 

475 1 

450 455 1 
FIGURE 5 Absorption maximum of dye AA as a 

funcliori uf the distance OC. * H. 
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114 U. QUOTSCHALLA ET AL 

all investigated dyes in Figure 5 .  Therefore the 
existarice of inner molecular, nearly synimetrical hydro- 
gen bridges is quite realistic. 

Absorption Maxima [nml 
540 

524 5 2 8 1  

5 20 I I 1 I I 

60 70 80 90 100 110 120 

FIGURE 6 Absorption maximum of dye D-52M as a 
function of  the dihedral angle u .  

The second question of interest is the influence of 
the dihedral angle a on the spectral properties of the 
dyes. Figure 6 shows this dependence for dye D-52M. The 
absorption maximum is nearly constant in the range of 

the a-angle from 70" to 1 1 0 " .  This result points out 
that the dihedral angle has only a small influence on 
the absorption maximum. Therefore the anthraquinone core 

and the phenyl ring can be considered as electronically 
isolated systems. 

The third point of  iriLerest is the direction of the 
transition polarization relative to the long molecular 
axis in the VIS-region. The polarization of the 

electronic transition moments of the dyes has been 
calculated. The resulting angles t between the transi- 
tion polarization moment vector and the long molecular 
axis L (Figure 2 )  are listed in Table 111. In case of 
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CONFORMATION ANALYSIS OF DYES 115 

TABLE I11 Angle t between transition moment and 
long molecular axis L 

Dye t r  " I  

AA 
A2A 
H2A 
D-35 
D-52M 
D-27 
C 1 A  

CNA 
2C1A 

11 

0 

0 

1 2  
1 3  

6 
1 

2 

54 

symmetrical 1,4-substitution t s O 1 5 >  1 6  . For all 
asymmetric substituted moment. vector @ and the long 
molecular axis L (Figure 2) are listed in Table 111. In 
case of symmetrical 1,4-substitution t z 0 1 5 1 1 6 .  For all 
asymmetric substituted anthraquinone dyes the angle 
between the transition moment and the long molecular 
axis is small except for the dye with the chlorine 
function in the 2-position. 
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