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Synthesis and Nonlinear Optical Properties of Three-Dimensional

Phosphonium Ion Chromophores**

Christoph Lambert,* Elmar Schmiilzlin, Klaus Meerholz, and Christoph Briauchle

Abstract: Here we describe the synthesis and the linear and nonlinear optical
properties of three dibutylaminoazobenzenephosphonium salt chromophores: a one-
dimensional system with one azobenzene subchromophore and two three-dimen-
sional systems, one with C; symmetry (three subchromophores) and one with

approximate 7 symmetry (four subchromophores). Experimental investigations
(UV/Vis spectroscopy and hyper-Rayleigh scattering), theoretical calculations
(exciton coupling theory and tensor transformations), as well as computational
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calculations (PM 3/time-dependent Hartree—Fock) show that, while the linear
optical properties of the 3D compounds behave additively, the first-order hyper-
polarisability S is distinctly enhanced in the 3D compounds relative to the 1D

derivative.

Introduction

Organic second- and third-order nonlinear optical (NLO)
materials are of great importance in future optoelectronic
technology.l! Among others, the effects mostly studied are
second- and third-harmonic generation (SHG and THG),
linear and nonlinear electrooptic effects (Pockels and Kerr
effects), and organic photorefraction. In the case of one-
dimensional (1D) push/pull substituted chromophores for
second-order nonlinear optical applications such as SHG or
the Pockels effect, the underlying relations between molec-
ular and electronic structure and microscopic optical non-
linearity, as well as the macroscopic nonlinearity of the
crystalline or polymeric bulk material, are now reasonably
well understood. Semiquantitative descriptions such as bond
length alternation® or two-level approximationP! [see
Eq.(9)] are widely used to design and tune new NLO
chromophores. A major drawback of conventional chromo-
phores is the so-called nonlinearity/transparency trade-off:
for a given type of m chromophore the hyperpolarisability
increase is accompanied by a red shift of the absorption
maximum (decreasing blue transparency),! which can cause
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reabsorption of the second-harmonic light. Alternative chro-
mophores that have recently been synthesised and investi-
gatedP! include zwitterions,®! intramolecular charge-transfer
(CT) complexes,”l molecules with C,, symmetry (which
possess CT moments orthogonally polarised to the dipolar
axis and consequently octopolar contributions to the first-
order hyperpolarisability),®! and molecules with D5, symme-
try (purely octopolar 8 tensor).” 1% The major reason for the
investigation of these chromophores is to circumvent or at
least to improve the nonlinearity/transparency trade-off.
Although purely octopolar molecules show no ground-state
dipole moment and thus cannot be oriented (e.g., poled) by
conventional techniques in polymer matrices, they are prom-
ising candidates for crystalline materials, as the lack of a
dipole moment should favour a noncentrosymmetric arrange-
ment of the chromophores in the crystal lattice,’) a pre-
requisite for observing second-order nonlinear optical effects
in the solid state.

While one-dimensional molecules with a charge transfer
polarised along the molecular z axis (e.g., 4,4'-dimethylami-
nonitrostilbene, DANS) have a 8 tensor dominated by one
element, 3., an additional off-diagonal tensor element, 3,
becomes important in C,, symmetric chromophores such as
3,5-dinitroaniline. Substituted binaphthol derivatives with C,
symmetry['l and cobalt complexes of Schiff bases!'?l were also
investigated and compared to their subchromophore counter-
parts; the nonzero tensor elements in these cases also are (3.
and f,,,. Finally, in D;,-symmetric molecules (e.g., triamino-
trinitrobenzene), there is a degenerate excited CT state with
nonvanishing tensor elements f3,,=—p,,[" In contrast,

XXy
molecules with three-dimensional CT states such as 7-

2220
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symmetric chromophores (only f§,,, is nonzero) with a triply
degenerate excited state have attracted little attention. To our
knowledge, only one series of tetrasubstituted tin compounds
has been investigated so far.['?]

We have synthesised a 4,4"-substituted azobenzene mole-
cule with a conventional dialkylamino donor functionality and
an ionic triorganophosphonium acceptor group as the 1D
reference chromophore 1. As we have shown recently for
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ammonium/borate zwitterions, ionic groups like triorgano-
ammonium are very efficient electron acceptors and lead to
highly blue-transparent NLO chromophores.®! Thus, it was
obvious to use a charged phosphonium centre to connect one,
three and four azobenzene subchromophores in order to
construct the 1D reference system, a 3D chromophore with
three side wings and C; symmetry 2, and a 3D chromophore
with four side wings and D, (approximate 7T) symmetry 3.
Using theoretical, computational (PM 3/time-dependent Har-
tree —Fock, TDHF) and experimental (hyper-Rayleigh scat-
tering, HRS) methods, we address the linear and nonlinear
optical relations between the two 3D and the 1D chromo-
phores. We show that, while the linear properties construct
additively, the nonlinear properties are substantially en-
hanced in the 3D cases.

Abstract in German: Wir beschreiben in dieser Arbeit die
linearen und nichtlinearen optischen FEigenschaften dreier
Dibutylaminoazobenzolphosphonium-Salz-Chromophore:

Ein eindimensionales System mit einem Azobenzol-Subchro-
mophor und zwei dreidimensionale Systeme, eines davon mit
Cs-Symmetrie (drei Subchromophore) und eines, das annd-
hernd T-Symmetrie besitzt (vier Subchromophore). Experi-
mentelle Untersuchungen (UV/Vis-Spektroskopie und Hyper-
Rayleigh-Streuung), theoretische Berechnungen (Theorie der
gekoppelten Excitonen und Tensor-Transformationen) sowie
Computerberechnungen  (PM 3/time-dependent
Fock) zeigen, daf3, obwohl sich die linearen optischen Eigen-
schaften der 3D-Chromophore additiv verhalten, die Hyper-
polarisierbarkeit erster Ordnung der 3D-Verbindungen deut-
lich gegeniiber dem 1 D-Referenzchromophor verstdirkt ist.

Hartree—
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Results

A. Synthesis: Although in terms of transparency azobenzenes
are not promising candidates, a substituted azobenzene
derivative was chosen as a model chromophore because it
combines several advantages: it is easily accessible and
reasonably stable to light and heat,'¥! and chromophores
composed of azobenzenes are unlikely to fluoresce at room
temperature!™ (this might otherwise interfere with the HRS
signal by two- or three-photon-induced fluorescence; see
Section C). Tetraorganophosphonium ions as anion-stabilis-
ing (electron-withdrawing) groups have long been known and
are extensively used in synthetic organic chemistry in the form
of phosphonium (Wittig) ylides.'! Although arylphosphane
oxides and arylphosphonates have frequently been used as
acceptor groups in push/pull substituted m-electron systems
for NLO applications,['”l we are aware of only one study
concerning phosphonium ions in this respect.[®! The synthesis
of compounds 1-3 is outlined in Scheme 1. Reaction of the
lithiated azobenzene derivative with Ph,PCI or PCl;, respec-
tively, leads to § and 6, which were subsequently quaternised
with methyl iodide. Compound 3 was synthesised by a
palladium(0)-catalysed reaction'™ from 5§ with the iodoazo-
benzene derivative 4-1. All salts were purified by column
chromatography and are hygroscopic crystalline solids (1) or
low-melting glasses (2, 3).

B. Linear optical properties: The UV/Vis spectral data of
compounds 1-3 were recorded in MeCN and CHCI; and are
listed in Table 1 and shown in Figure 1. There is a marked red
shift of 461 (611) cm~! and 666 (833) cm~! between 1 and 2,
and 1 and 3 in MeCN (CHCl;), which can be explained by
exciton coupling theory (see Section E). Numerical integra-
tion of the absorption band shape yields the oscillator
strengths f=4.319 x 10~ [¢(#)d7 in a 1/2.92/3.64 ratio for 1-
3, as expected for noninteracting chromophores (1:3:4) (see
Section E). All derivatives show a small negative solvato-
chromism between CHCI; and MeCN solutions: —329 cm™!
(1), —479 cm™! (2), and —496 cm™! (3).

C. Nonlinear optical properties: The hyperpolarisability § of
1-3 was measured by hyper-Rayleigh scattering in MeCN,[""]
since the conventional EFISH method is not applicable to
charged molecules. The 1300 nm output of an optical para-
metric power oscillator (OPPO) system™ was used to
circumvent problems with reabsorption at the second har-
monic (650 nm), for which all derivatives are completely
transparent. In addition, two-photon-induced fluorescence
will not contribute to the SHG signal at this wavelength;P!
this interfering process, as well as three-photon-induced
fluorescence, is unlikely for 1-3 as they do not fluoresce at
room temperature, as expected for azo dyes.['>) The unpolar-
ised HRS signal® was measured against p-dimethylamino-
cinnamaldehyde (8,,, =66 x 1073 esu at 1300 nm in MeCN;
Amax =379 nm) as an external standard, which in turn was
measured against p-nitroaniline (f,.,=29.2 x 10~ esu at
1064 nm in MeCN;P4 1 . =366 nm). In the external refer-
ence method, /(2w) was measured for a series of solutions of
the molecule under investigation with varying sample con-
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2) PhyPCI
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4
3
Scheme 1. Synthesis of 1, 2 and 3.
Table 1. UV/Vis spectral data of 1-3.1%
MeCN CHCl,
ﬁmax [cmil] &X 103 f .f;el 17max [Cmil]
(Ainax [nm]) [M'em ] (Anax [nm])
1 20717 (483) 34.1 0.845 1.000 20388 (491)
2 20256 (494) 120.8 2.465 2.917 19777 (506)
3 20051 (499) 152.7 3.076 3.640 19555 (511)

[a] e: extinction coefficient; f: oscillator strength; f,,: relative oscillator
strength.
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Figure 1. UV spectra of 1, 2 and 3 in MeCN.

centration, and then the measurement was repeated in the
same solvent under identical experimental conditions for a
reference solute whose symmetry and f value are known. A
plot of I(2 w)/I(w)? versus the number density for both sample
and reference solute was made. The ratio of the two slopes is
related to the ratio of the solute and reference (Sjgs) values,
where (B%gs) is the orientational average of the square of the
first hyperpolarisability of the solvated molecule. Finally,
specific components of the § tensor of the sample may be
determined from (B%irs)sample/ (Birs ) reference if the sample solute
symmetry is known. The 5%* convention of Willets et al.>l was
adopted throughout this paper. The detailed experimental set-
up and data evaluation procedure can be found in ref. [20].
Compounds 1-3 were investigated in MeCN to avoid
problems with aggregation. Indeed, the HRS intensity versus
number density plot does not show the significant deviation
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from linearity that would
be expected for concentra-
tion-dependent  aggrega-
tion. Data evaluation leads
to averaged isotropic
(BHrs) values at 1300 nm
(see Table 2), which were
converted to static values
by using the dispersion
term of Equation (7) (see
Section E) with the as-
sumption that wg, =w,,=
wcr, Where wep denotes
the experimentally deter-
mined charge-transfer fre-
quency. In the following,
we refer to static § values.
The sign of  cannot be determined by HRS. The negative
solvatochromism of 1 suggests a negative dipole moment
difference between ground and excited state (see Section D)
and hence a negative f3,,..®1 Depending on the molecular
symmetry, only some of the ten different 5 tensor elements
(assuming Kleinman symmetry) are nonvanishing and con-
tribute to (f%gs). For the 1D chromophore 1, 3,,. dominates;
all other tensor elements are smaller than 5% of ... or zero
(see Section D). For a composite molecule with C; symmetry
composed of 1D chromophores, —B,., = B,yy» B.22s — Bryy = Brxes
and f3,,. = .., are nonvanishing. For a molecule with D, or T
symmetry, only f,,, is nonzero. Thus, for 1D molecules and
3D molecules with C; and D, (T) symmetry, (S3rs) is given by
Equations (1) — (3).[10F 130 26.27)

6
1p Cy (ﬁHzns) = ﬁﬁfzz 1)
8 6 92 32
3D C3 (lifns)=2—1(ﬁfxx+ﬁfxy)+§ﬁfzz+ﬁs"ﬂfu+1—0—5ﬁxxﬁm (2)
3D D 2 44
2 or T (/3\4ns>=7ﬁxyz 3)

The experimentally determined (f%s)"?, the correspond-

ing static f;; values and the modulus ||A°||= Z B

ijk
which is commonly employed to compare S values of
molecules with octopolar contributions,” 1! for 1-3 are
given in Table 2. It is not possible to deduce f,,,, .., and j3,.,
of 2 from the measured (B#gs) value (—f,,, = .. =0 due to
the 1D nature of the subchromophore); therefore, we used
the theoretical ratio (see SectionE) of f,,,:5..:B... to
estimate these values.

D. Computational calculations: Compounds 1-3 (N-butyl
groups were replaced by N-methyl for simplicity) were
optimised with the PM3 Hamiltonian implemented in the
MOPAC 93 program package.?! Although it is well known
that (E)-azobenzene dyes may be twisted,’” the 1D sub-
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Table 2. Static hyperpolarisability in 10~ esu of 1-3. Left part: absolute experimental values at 1300 nm and absolute static values; right part: relative
values obtained by dividing the PM 3 values by 53.3 x 10~ esu and the experimental values by 61.6 x 107’ esu. The error has been estimated to be £15%.

The conversion factor for 8 to ST units: 1 x 107 esu=3.713 x 105! Cm3>V-2

1,6 (Bhirs)"? at (Bifes)"® B 1B (Birs)" Pz [Bof
1300 nm

theor.: exciton 533 0.414 1 1

cpl. =tensor add.

PM3/TDHF 22.1 533 533 0.414 1 1

HRS 65.9 25.5 61.6 61.6 0.414 1 1

2,G B [ L Bz B Bui™

theor.: exciton 0.546 0.053 0.675 0.366 1.62

cpl. =tensor add.

PM3/TDHF 28.9 0.5 395 16.4 88.7 0.542 0.009 0.741 0.308 1.66

HRS 123 44.4 43001 54.901 29.6 132001 0.721 0.0701! 0.89711 0.48711 216

3,D, 0 By

theor.: tensor add. 0.569 0.752 1.84

theor. (7): exci- 0.582 0.770 1.89

ton cpl. = tensor

add.

PM3/TDHF 29.4 38.9 95.3 0.552 0.730 1.79

HRS 162 56.7 74.9 184 0.921 121 2.98

[a] All B tensor elements are negative. [b] A.,., f.., and S, have been calculated from (Brs)"? by means of the theoretical ratio of 0.053:0.675:0.366.
[c] Ideal T symmetry was assumed. [d] All other tensor elements are smaller than 5% or zero.

chromophores in 1-3 were restricted to C, symmetry to
simplify the tensorial analysis. Compounds 2 and 3 were then
optimised in C; and D, symmetry, respectively (see Figure 2).
To obtain approximate excited-state properties, we performed
CI calculations within a given orbital window. The number of
occupied and empty orbitals was chosen to include all orbitals

CHg

@P®
N ,

” \©\N” N\©\
J -

0 =105.10°

» O

NBUg

BusN

Figure 2. PM3 optimised geometries of 2 and 3.
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in a given active space of — 10.000 to — 3.000 eV. This results in
a CI(5,1) for 1, CI(6,3) for 2 and CI(8,4) for 3, where X in
CI(X,Y) denotes the total number of spatial orbitals, and Y
the number of doubly occupied orbitals. The maximum
number of energy selected microstates is limited to 121 by
the MOPAC program. In Table 3, some ground- and excited-

Table 3. MOPAC PM 3-CI calculated ground- and excited-state properties
of 1-3.1l

4o [D] a [D] Vmax [6M '] (Anax [n]) f
1CI51) 102 -218 29988 (334) (A) 0.431
1CI(8.4) — 1438 28197 (355) (A) 0.566
2CI63) 3.0 30544 (327) (E) 1.305
30996 (323) (A) 0.069
3CI(84) 00 32012 (312) (B1) 0.692
32036 (312) (B2) 0.809
32036 (312) (B3) 0.427
32665 (306) (A) 0.000

[a]uo: ground-state dipole moment; u,: excited-state dipole moment; f:
oscillator strength.

state properties of 1-3 are given. We emphasise that the
limited CI used in our calculations and the neglect of solvent
influences will certainly not yield quantitative results, but will
give qualitative insight into the electronic nature of the
compounds.

The direction of the large ground-state dipole moment
(102 D) of 1 is reversed in the first excited singlet state
(—21.8 D). The magnitude of u, is probably overemphasised,
since a somewhat larger CI(8,4) calculation gives a smaller u,
of —14.8 D. The calculation nevertheless confirms a large
negative Au = u, — u, dipole moment difference upon excita-
tion;Y this indicates a significant negative f,,, from the two-
level approximation [see Eq.(9)]. Figure 3 illustrates the
difference in the Coulson charges between the S, and S states
of 1.
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Figure 3. Difference of Coulson charges Ap between S, and S; of
compound 1. A positive charge difference denotes loss of electron density
upon excitation.

As expected for symmetry reasons, 2 has a doubly
degenerate excited E state and one higher lying A state,
whereas 3 has a practically triply degenerate excited state and
one higher lying A state. Because 3 has D, symmetry, the three
excited states belong to the irreducible representations B1,
B2, and B3, but since 3 approximates 7 symmetry, these three
states are almost degenerate.

The transition energies are similar for all compounds but
are distinctly higher than the experimental values. Inclusion of
solvent effects (e.g., by an SCRF method®) will not improve
the result, as the experiments indicate a negative solvato-
chromic shift and simulation of the solvent thus should lead to
even higher excitation energies. A more detailed comparison
of excited-state properties of compounds 1-3 is not justified,
because truncated CI expansions are not size-consistent. For
this reason, the static first-order hyperpolarisability tensor 3,
was calculated by the time-dependent Hartree—Fock
(TDHF) method?®! and not, as is often done, by a sum-over-
states (SOS) approach based on CI expansions.’* 3 The
results for the respective nonzero f tensor elements of 1-3
are given in Table 2. As suggested by the negative solvato-
chromism, all 3 values are negative.

E. Theoretical calculations: exciton coupling theory: Provid-
ed that subchromophores interact only weakly in their ground
state, exciton coupling theory®! can be used to explain band
(Davydov) splitting or band shifts of chromophore assemblies
due to dipole coupling of subchromophores. In our case, the
assumption of weak coupling is justified by a PM3 calcula-
tion™ which estimates an interaction energy of only
0.28 kJ mol~! per chromophore pair. In the following, we will
use this approach to explain the linear and nonlinear optical
properties of 1-3. Calculated eigenstate energies, eigenfunc-
tions and transition moments are used to calculate § by using
the SOS expansion [Eq. (7)].

The formalisms of molecular orbital theory were employed,
although the physical basis of exciton coupling theory is
different. Only a brief description is given here; the basic
formalism can be found in ref. [38c]. The reference chromo-
phore p has ground- and excited-state wave functions ¢ and
P, respectively, with associated energies E, and E,. The
ground-state wave function of a composite chromophore is

given by lp():ﬁqb(‘}’) with energy E,=0 where ¢{P are

—1 .
orthonormal grgund-state wave functions of subchromophore
p,q =1—m. The excited-state wave function is represented by

516 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

the linear combination wa:Z(cq ﬁ dPP@). The eigen-

g=1 pthzl m m
value problem 1-71/)3 = Ey, with H= Zﬂp Z Z ﬂpq has to
p=1 p#q=1q#p=1

be solved, where ﬁpq for p+gq is replaced by the point-dipole
point-dipole approximation potential [Eq. (4)].

qu = Hf)pa)ﬂ‘g;) H;;: {epeq - S(epepq )(eqepq )} 4)

In this approximation, x{) and (¥ are the transition
moments at molecule p and q, respectively, R, is the distance
between the transition moments, and e,, e, and e, are the
unit vectors of uf), ul¥ and R,,. If idealised T symmetry is
assumed for 3, V,,, =V, for all combinations of p and g; then,
the secular equations for 2 and 3 are given by Equations (5)
and (6), respectively.

Ea' E V12 V|2

Vi E,-E V, |-0 (5)
V12 V12 Ea -E

=0 (6)

From these equations the following eigenvalues are ob-
tained: E=FE,+2V,and2x E=FE,— V|, for2,and E=E,+
3V, and 3 x E=FE,— V), for 3. The eigenfunctions are given
in the Appendix. As expected for symmetry reasons and in
agreement with the computational CI calculations, 2 has a
doubly degenerate E excited state, and 3 has a triply
degenerate T excited state (see Figure 4).

A — A - A

3V;
2y !
E e eESVSTEEsSAEsNASGASRSSASEEERERGEENES
) : Yi
2 == E === BB,B;(T)
[+
E, — A — A — A
1 2 3

Figure 4. Qualitative energy level diagram of 1, 2 and 3 from exciton
coupling theory.

Using the PM3 optimised geometry for 2 and ideal T
symmetry for 3 with a N—P distance of 12.36 A gives R,, =
10.33 A for 2 and 10.11 A for 3. The transition moments Uoa IN
Equation (4) can be calculated from the oscillator strength
f=4.702 x 1077 9u, (see Table 1). Evaluation of Equation (4)
for 2 and for 3 yields V, =673 and 704 cm™!, respectively (see
Figure 4). This in good agreement with the experimentally
observed shift between 1 and 2 (461 cm™'), and 1 and 3
(666 cm™') in MeCN.

With the above evaluated excited-state wave functions ¥,

and with u,, = (v, |/i|y,), where i=> 4® and Au®=

p=1
ulp) — u®) (since the charge centroid definition has been used,
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too=0 and thus Au=p, "), one obtains the transition
moments between ground and excited states as well as
between excited states n and n’ of 2 and 3. These transition
moments can be expressed relative to the transition moment u
between the ground and excited state as well as the dipole
moment difference Ay = u,, — po, of ground and excited state
of the 1D subchromophore 1 (the transition moments
necessary for the evaluation of § from the SOS expression
[Eq. (7)] are given in the Appendix).

These transition moments were used to calculate the 8
tensor elements from the SOS expression [Eq. (7)].% In this
equation, y,, and u,,, denote the transition moments from the
ground state to the excited state n and between excited states
n and n’, respectively. w,, are the excitation frequencies and w
denotes the incident radiation frequency. If we assume
negligible interchromophoric interaction in the excited state,
then wy = wyp =wy; for 2 and = w,, for 3, and Equation (7)
reduces to a simple five-level approximation for 3. Since Au
and u refer to the 1D subchromophore, Equation (8) can
directly be compared with the two-level approxima-
tion formula [Eq.(9)] used for 1D NLO chromophores.
The five-level formula for 7-symmetric species actually
reduces to a four-level approximation, since the transition
from the ground state to the excited A state is symmetry-
forbidden.

1 1

5h2 E‘HE_'[ Hon P‘n m“no + #on“nnﬂno ((‘”on

+(ttgmtth iy + ot iontt) )r - !
ronnTh onftnintn (wo,,+2w)(w0n+w) (o — 200 ) - w)

(i ki Koo ‘ 1 1
(B Benbtng + Pt abn )((wow B P T P ey |

(7)
po L 1 Miltny 14 uAu 8) p=07704°A
vz = 77 (U§2 = 3E 373 (U§2 (8) ﬁxyz— g w Apn
o _ 1 pipy, 1 pAu o
ﬁzzzz_h_z_12‘l='_2_2 (%) p22|1=1'000‘u2AH
wg, B wg,

For 2, evaluation of Equation (7)1 leads to a four-level
approximation. Since the transition from the ground state to
the A state is allowed, yet weak, there is no simple formula,
and Equation (7) has to be evaluated for each f tensor
element with the transition moments for the £ and A states
given above. The results for 2 are given in Equations (10)—
(13). Since Au of the reference compound 1 is negative, all 3,
values of 2 and 3 are negative, too.

~ By =Pk =0 (10)
— frel = Bl —0.675u2Au 11

o =B, =0.3641°Au (12)
B = 0.053p2Au (13)

Chem. Eur. J. 1998, 4, No. 3
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F. Theoretical calculations—tensorial approach: Zyss and
Oudar® 4 developed mathematical relations between micro-
scopic and macroscopic optical nonlinearities of molecular
crystals of a given space group with 1 D subunits. It is assumed
that the molecules do not interact which each other. We used
these relations [Eq. (14)] to deduce the 3, x tensor elements of
a molecular chromophore assembly from the f; tensor
elements of m 1D subchromophores which are related by a
given symmetry operation.

a5 = 3 S cos( 1,4, eos( 4., cos (K, ke, it (14)

p=1 Ijk

Here S3¢" is the tensor element of the composite molecule
in the IJK frame and fj° is the tensor element of the
submolecule in the molecular ijk frame. In the present case,
B3 =B... of the 1D submolecule 1. The cos(Z,i,) etc. denote
the scalar product of basis vector I and i. Detailed expressions
for all space groups can be found in ref. [28] and therefore are
not given here. The resulting 3 tensor elements for molecule 2
and 3 can be found in Table 2. The PM 3 optimised geometries
are used. For compound 3, the values in D, symmetry and in
idealised T symmetry are given. The results are identical to
those obtained by exciton coupling theory.

Discussion

The UV data presented in Section B suggest that the
subchromophores in 2 and 3 are almost electronically
independent, since the oscillator strengths behave additively.
All compounds show a moderate negative solvatochromism
(see Table 1). This can be explained by a change in dipole
moment direction upon excitation for 1 and 2 and a change in
local charge distribution for 2 and 3 (see Table 2): in polar
solvents, the excited Franck—Condon state is placed in a
solvent cage with solvent molecules properly oriented to
stabilise the ground-state dipole moment. Owing to the wrong
solvation sphere, the excited state is destabilised. This
destabilisation becomes stronger with increasing solvent
polarity; a blue shift results. This discussion also holds true
for 3 which, for symmetry reasons, has no dipole moment.
However, as 3 has a branched structure, solvent molecules
that lie between side arms experience a change in charge
distribution and, therefore, local dipole moment of the side
arms upon excitation.

As can be seen from Figure 3, negative charge is transferred
from the dialkylamino moiety to the phenyl ring adjacent to
the phosphonium atom during excitation, and this explains
the huge dipole moment difference. The phosphonium group
does not act as an electron acceptor; instead it stabilises the
negative charge on the phenyl ring by polarisation, similar to
ammonium ions.® 42}

Compounds 2 and 3 show absorption maxima slightly red-
shifted from that of the 1D chromophore 1, which can be
explained by exciton coupling. For derivative 3, no Davydov
splitting is visible, since the transition to the A state is
forbidden; thus, only a red shift of V, is observed; for 2, the
transition to the A state is very weak and hidden under the
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broad A —FE transition. Hence, for 2, too, no splitting is
observed, and the extinction band is also red-shifted. The
observed shifts are in good agreement with the dipole —dipole
approximation used in exciton coupling theory.

Applying the exciton coupling approach, we also calculated
transition moments between the ground state and the excited
states, as well as between different excited states. These
transition moments were used in the SOS equation [Eq. (7)],
which yields § values relative to the 1D subchromophore. For
the evaluation of 3, we assumed that the transition energies
for 1,2 and 3 are equal and that the Davydov splitting in 2 and
3 is zero. These assumptions are justified by the small
experimentally measured band shifts. Normally, shifts or
splittings up to 4000 cm~! are observed in strongly coupling
chromophores.?% Tt becomes clear that although 3 has zero
dipole moment, 3. can be traced back to the dipole moment
difference of the subchromophore [see Eq. (8)]. This only
holds true for noninteracting or weakly interacting chromo-
phores. For strongly interacting molecules with m overlap,
such as 1,3,5-triamino-2,4,6-trinitrobenzene or crystal violet
this approach fails. The resulting four-level model for 3 and
for 2 involves the same degree of first-order approximation as
the traditionally used two-level model for 1D NLO com-
pounds and thus allows direct comparison.

A completely different approach is based on the tensorial
properties of f5: basis transformation and summation over all
B tensor elements of symmetry-related subchromophores also
leads to exactly the same relative B values for 1, 2 and 3, as
does exciton coupling theory. While in the latter approach, the
vectorial properties (transition moments) with their phase
relations are used, in the former method only the vector
component of the S tensor (since we assumed a 1D
chromophore) is used. Hence, from a mathematical stand-
point it is not surprising that both methods lead to exactly the
same results, but from a physical point of view, it is rather
startling: the tensorial method simply transforms and adds a
given nonlinear optical property of a subchromophore (i.e.,
the f tensor). In contrast, the exciton coupling method first
leads to linear optical properties of the composite molecule
(the transition moments) and subsequently, via the perturba-
tion SOS approach, to the second-order nonlinear optical
property.

Although 2 has a small dipole moment, the § tensor
component along the dipolar z axis is rather small. Therefore,
2 can be viewed as an almost purely octopolar system, like 3.
The TDHF calculations with MOPAC agree very well with the
theoretical values for both 2 and for 3 (see Table 2; the
numerical agreement of TDHF and experimental absolute
results for 1 is fortuitous, since solvent effects were neglected
and should lead to smaller calculated values). For 2, the
dipolar component /3, is almost vanishing. In contrast, the
experimental relative § values for 2 and, even more pro-
nounced, for 3 are 32% and 62 % higher, respectively, than
expected from the theoretical and computational calculations.
The red shift of the absorption bands of 2 and 3 relative to 1
due to exciton coupling cannot account for this enhancement,
as the shift is much too small. The reason could be that both
theoretical methods are based on the assumption that there is
only weak interaction between the subchromophores. This is
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true as far as the linear optical properties are concerned, as is
proved by the good agreement between UV spectra and
exciton coupling theory. The TDHF calculations are based on
ground-state properties of the molecule; dynamic correlation
effects are included within the parametrisation.[*} Neither the
theoretical models nor the TDHF approach includes any
further type of correlation effects concerning excited states.
However, as can be seen from the four-level model for T
symmetric compounds, the transition moment between ex-
cited states plays a crucial role and one can expect that
nondynamic correlation effects are important in calculating
these excited state properties. We suggest that it is the neglect
of correlation effects in the theoretical and computational
calculations which leads to the underestimation of 3 in 2 and
3. This assumption is further supported by semiempirical
calculations on triaminotrinitrobenzene at the CISD level,
which indicate that electron correlation plays a significant role
in describing the first-order nonlinear optical properties of
octopolar systems.['® < In addition, Brouyere et al. found that
the AM 1/finite-field method underestimates f in calix[4]-
arene derivatives due to inadequate inclusion of electron-
correlation phenomena.*! For our comparative study, in
which size consistency is important, this problem could in
principle be circumvented by using MPr ab initio calculations
or density functional methods and the TDHF approach in
order to calculate § on a correlated level. However, the size of
the molecules investigated here is beyond our computational
capabilities.

Comparison of the modulus of , derived from experimen-
tally determined (S%gs) values, reveals that 2, and to an even
greater extent 3, have considerably higher § values (by a
factor of 2.2 to 3.0) than 1 at almost no transparency cost.
Comparison of the nonlinear figure of merit, the modulus of 5
divided by the molecular weight, shows that ||8]||/M
increases from the 1D chromophore to the 2D and 3D
chromophores: 1, 0.096; 2, 0.117; 3, 0.131.

A series of triarylamine compounds investigated by Stadler
et al.l%! also have higher 8 values than the related subchro-
mophores. In this case, however, the composite molecules
absorb at distinctly lower energies than the corresponding
subunits. The binaphthyl chromophores studied by Wong et
al.l''al show dipolar coupling enhancement of 3 only in polar
solvents. In both cases, the enhancement was attributed to
interchromophoric interactions. Di Bella et al.[*l investigated
in detail the NLO response of p-nitroaniline dimers and
trimers in several conformations by INDO/S-SOS calcula-
tions. The authors explain the deviation between the calcu-
lated 3 value of the dimers and trimers and the § value derived
from an additivity model with the neglect of local-field
corrections. This may also account for the subchromophore
interactions in 2 and 3.0107

Compared to the analogous tin compounds 7 (|| 5°||=57 x
10-*%esu in CH,Cl,) and 8 (]||f°]|=116x10"esu in
CH,Cl,),™! the phosphonium derivatives 1, 2 and 3 have
higher § values due to the more efficient phosphonium
acceptor; the absorption maxima are also at lower energy
(e.g., 20388 cm™! (491 nm) for 1 in CHCIl; and 23752 cm™!
(421 nm) for 7 in CH,Cl,). The tetrahedral tin compound 8
also shows an 11 % higher § value compared to the 1D tin
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compound 7 than theoretically expected. This 3 exaltation is
smaller than in our phosphonium derivatives, but can be
explained by the longer Ph—Sn distance (ca. 2.2 All)
compared to the Ph—P distance (1.82 Al'¢), which should
lead to even weaker subchromophore interactions in the tin
compounds than in the phosphonium species.

Conclusions

We have synthesised and investigated two 3D composite
NLO chromophores with weakly interacting subchromophore
side wings and their 1D reference system. A phosphonium
centre was used as the subchromophore connecting unit and
as the electron-stabilising (acceptor) group. The j tensor is
essentially octopolar in 2 and fully octopolar in 3. Two
independent theoretical approaches (exciton coupling theory
and tensor transformation and addition) and one computa-
tional method (PM 3/TDHF calculations) yield essentially the
same relative f;; values for 1, 2 and 3. The experimentally
determined values are enhanced for 2 and 3, probably due to
an electron-correlation effect of excited states. The S modulus
of 3 is almost three times larger than that of the 1D
subchromophore at almost no cost of transparency. This
makes octopolar molecules such as 2 and 3 superior with
regard to transparency/efficiency trade-off. Optimal nonsym-
metric solid-state arrangement of these phosphonium salts
could be induced by chiral counterions, for example. This is
the topic of further investigations.

Appendix

Eigenvalues E and eigenfunctions 1 for 2 and 3 were obtained from the
secular equations [Egs. (5) and (6)].

We evaluated the transition moments and relative oscillator strengths by
using the geometry data of the PM 3 optimisation for 2 and by assuming
ideal 7 symmetry for 3.

Experimental Section

General: All reactions involving nBuLi were carried out in flame-dried
Schlenk tubes under nitrogen. THF was dried over sodium/benzophenone
ketyl and distilled under nitrogen. The NMR assignments refer to the
numbering scheme of 1.

4-(N,N-Dibutylamino)-4'-bromoazobenzene (4-Br) and 4-(V,N-dibutyl-
amino)-4'-iodoazobenzene (4-1) were synthesised by azo coupling reaction
from N,N-dibutylaniline and 4-bromoaniline in HOAc/NaOAc buffer
solution according to ref. [47]. 4-Br: yield 54 %, m.p. 55°C; C,;H,BrN;
(388.35): caled C 61.86, H 6.75, N 10.82; found C 61.72, H 6.84, N 10.82. 4-1:
yield 31 %, m.p. 53-54°C; CyH,IN; (435.35): caled C 55.18, H 6.02, N
9.65; found C 55.06, H 5.95, N 9.61.
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4-(N,N-Dibutylamino)azobenzen-4'-yldiphenylphosphane  (5): nBuLi
(0.81 mL, 1.6M, 1.3 mmol) in hexanes was added to a solution of 4-Br
(388 mg, 1.00 mmol) in THF (5 mL) at —78°C. A dark brown precipitate
formed after a few minutes. After 40 min, Ph,PCl (0.18 mL, 1.00 mmol) was
added, and the solution allowed to warm to room temperature. A dark red
solution formed and was quenched with a few drops of water; the solvent
was removed in vacuo, and the residue purified by column chromatography
on silica gel. By-products were eluted first with CH,Cl,/petroleum ether
(1/2). The main product was then eluted with CH,Cl,/ petroleum ether
(1:1). A red oil was obtained (300 mg, 61 %), which was air-sensitive and
was immediately used for quaternisation. "H NMR (250 MHz, CDCLy): 6 =
7.83 (m, 2H, H2'/6'), 7.76 (m, 2H, H3/5), 7.36 (2H, H2/6), 734 (m, 10H,
PPh), 6.67 (m, 2H, H3'/5"), 3.36 (m, 4H, a-H), 1.62 (m, 4H, 5-H), 1.38 (m,
4H, y-H), 0.97 (t, /=73 Hz, 6H, 0-H); C NMR (62.9 MHz, CDCL,): 6 =
153.6 (C4), 150.8 (C1"), 143.4 (C4'), 138.4 (d, J(C,P) =117 Hz, C1), 1372
(d, J(CP)=11.1Hz, iC), 1343 (d, J(C,P)=19.9 Hz, C2/6), 133.8 (d,
J(C,P)=19.5 Hz, 0-C), 128.8 (p-C), 128.6 (d, J(C,P) =6.9 Hz, m-C), 125.4
(C2'6'),122.1 (d, J(C,P) =7.1 Hz, C3/5), 111.2 (C3'/5"), 51.0 (a-C), 29.6 (B-
C), 20.3 (y-C), 13.9 (6-C).

4-(N,N-Dibutylamino)azobenzen-4-ylmethyldiphenyl-phosphonium io-
dide (1): Mel (0.3 mL, 4.8 mmol) was added to a solution of 5 (96 mg,
0.19 mmol) in benzene (5 mL). The solution was stirred for 3 h at 40°C. A
red oil formed, which solidified while stirring at room temperature for
30 min. The red precipitate was filtered off, washed with benzene and
petroleum ether and dried in vacuo (122 mg, 100% of an orange-red
powder). M.p. 143°C; '"H NMR (400 MHz, CDCl;): 6 =8.02 (m, 2H, H3/5),
7.86 (m, 2H, H2'/6"), 7.84-7.73 (8H, PPh, H2/6), 7.73-7.68 (m, 4H, PPh),
6.69 (m, 2H, H3'/5"), 3.39 (m, 4H, a-H), 3.21 (d, J=13.2 Hz, 3H, PCH,),
1.64 (m, 4H, -H), 1.39 (m, 4H, y-H), 0.98 (t, /=73 Hz, 6H, 6-H); 13C
NMR (100.6 MHz, CDCL;): 6 =157.4 (d, J(C,P) =3.3 Hz, C4), 151.8 (C1),
143.1 (C4'),135.1 (d, J(C,P) =3.0 Hz, p-C), 134.2 (d, J(C,P) =11.5 Hz, C2/
6),133.2 (d, J(C,P) =10.8 Hz, 0-C), 130.4 (d, J(C,P) =13.0 Hz, m-C), 126.5
(C2'76'),123.5 (d, J(C,P) =13.7 Hz, C3/5), 119.1 (d, J(C,P) =88.9 Hz, iC),
117.0 (d, J(C,P)=90.4 Hz, C1), 111.1 (C3'/5’), 51.0 (a-C), 29.4 (5-C), 20.1
(y-C), 13.8 (6-C), 11.7 (d, J(C,P) =572 Hz, PCH;); C;;H3IN;P-0.5H,0
(644.58): caled C 61.49, H 6.26, N 6.52; found C 61.45, H 6.46, N 6.48; MS
(PI-LSIMS): m/z =508 (K*); HR-MS (FAB): calcd 508.28816 (K*), found
508.28985.

Tris[4-(N,N-dibutylamino)azob n-4'-yl|phosph (6): nBuLi in hex-
anes (1.89 mL, 1.6 M, 3.0 mmol) was added to a solution of 4-Br (1164 mg,
3.00 mmol) in THF (12 mL) at —78°C. A dark brown precipitate formed
after a few minutes. After 40 min PCl; (0.079 mL, 0.90 mmol) was added,
and the solution stirred for 2.5 h. After further stirring for 45 min at 40°C, a
dark red solution formed. The solvent was removed in vacuo, and the
residue purified by column chromatography on silica gel under inert gas
atmosphere. By-products were eluted first with oxygen-free, nitrogen-
saturated CH,Cl,/petroleum ether (1/1); the main product was then eluted
with CH,Cl,/ petroleum ether (4/1). After removal of the solvent, a red
glassy substance was obtained (386 mg, 45 %), which was air-sensitive and
was immediately used for quaternisation.

Tetrakis[4-(V,N-dibutylamino)azobenzen-4'-yl]phosphonium iodide (3): 6
(105 mg, 0.11 mmol), 4-1 (48 mg, 0.11 mmol; prepared analogously to 4-Br)
and Pd(OAc), (0.4 mg, 0.0018 mmol) were stirred with 1.5 mL of oxygen-
free, nitrogen-saturated p-xylene under an inert gas atmosphere for 20 h at
140°C. A dark red oil separated. The xylene solution was removed with a
pipette and the residue purified by chromatography on silica gel with ethyl
acetate/MeOH (10/0.5). A concentrated solution of the product in CH,Cl,
was dropped into vigorously stirred petroleum ether. The dark red
precipitate was collected by filtration and dried in vacuo. Yield 74 mg
(48%). 'H NMR (250 MHz, CDCl;): 6 =8.09 (m, 8H, H3/5), 7.90 (m, 8H,
H2'/6"), 775 (m, 8H, H2/6), 6.71 (m, 8H, H3'/5), 3.41 (m, 16H, a-H), 1.65
(m, 16H, $-H), 1.40 (m, 16 H, y-H), 0.99 (t,J = 7.2 Hz, 24 H, 6-H); *C NMR
(62.9 MHz, CDCL;): 6 =1579 (d, J(C,P) =3.3 Hz, C4), 152.3 (C1’), 143.5
(C4), 1354 (d, J(C,P)=11.1 Hz, C2/6), 126.8 (C2'/6"), 123.8 (d, J(C,P) =
13.7 Hz, C3/5), 116.2 (d, J(C,P) =92.2 Hz, C1), 111.4 (C3'/5'), 51.1 (a-C),
29.6 (B-C), 20.3 (y-C), 13.9 (6-C); CygH,(IN,P - H,O (1409.69): calecd C
68.16, H 7.58, N 11.92; found C 68.17, H 7.58, N 11.66; MS (PI-LSIMS): m/
z=1263 (100%, K*), 1571 (30 %, [K+dibutylaminoazobenzenyl]"); HR-
MS (FAB): calcd 1263.82140 (K*), found 1263.82446.
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Tris[4-(V,N-dibutylamino)azobenzen-4'-ylJmethylphosphonium  iodide
(2): This compound was directly synthesised from 1.0 mmol 4-Br without
isolation of 6 (see above). To the reaction mixture of 6 in THF, Mel
(0.8 mL, 13 mmol) was added, and the solution was stirred for 18 h at 40°C
in a closed Schlenk tube. The solvent was removed in vacuo, and the residue
purified by chromatography on alumina (N, SI) with CH,Cl,/MeOH (10/
0.2) and subsequently on silica gel (ethyl acetate/MeOH (10/0.4). A
concentrated solution of the product in ethyl acetate/MeOH was dropped
into vigorously stirred petroleum ether. The organic phase was decanted
from the resulting dark red oil, which was dried in vacuo to give a glassy
substance. Yield 136 mg (41 %). '"H NMR (250 MHz, CDCl;): 6 =8.02 (m,
6H, H3/5), 7.86 (m, 6H, H2'/6"), 7.82 (24H, H2/6), 6.69 (m, 6H, H3'/5"),
3.39 (m, 12H, a-H), 3.25 (d, J=13.1 Hz, 3H, PCHs), 1.64 (m, 12H, -H),
1.39 (m, 12H, y-H), 0.98 (t, J=7.3 Hz, 18H, 4-H); *C NMR (62.9 MHz,
CDCly): 6 =1575 (d, J(C,P) =3.2 Hz, C4), 152.0 (C1'), 143.4 (C4'), 134.3
(d, J(C,P)=11.3 Hz, C2/6), 126.5 (C2'/6'), 123.7 (d, J(C,P) =13.8 Hz, C3/
5), 117.8 (d, J(C,P) =90.5 Hz, C1), 111.3 (C3'/5'), 51.1 (a-C), 29.5 (B-C),
20.3 (y-C), 139 (6-C), 12.3 (d, J(C,P)=69.7 Hz, PCH;); CqHgINGP-
1.5H,0 (1125.28): caled C 65.11, H 7.53, N 11.20; found C 65.04, H 7.56,
N 10.93; MS(PI-LSIMS): m/z=970 (100%, K'), 1278 (15%, [K+
dibutylaminoazobenzenyl]"); HR-MS (FAB): caled 970.63526 (K*), found
970.63174.
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